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ABSTRACT 

The research is focused on the degradation of two endocrine disrupting compounds 

(EDCs) in zero-valent iron.  The endocrine disrupting compounds bisphenol A (BPA) and 17-

estradiol (E2) are chemical compounds that have an adverse effect on the environment, humans, 

and wildlife.  These two chemical constituents are being examined in this research because they 

are still being used today and continue to impact their surrounding environment. These chemicals 

are considered persistent, bioaccumulative, and toxic to the environment. The research explores 

the technological use of zero-valent iron to degrade the chemical constituents in aqueous form.  

The study conducted laboratory batch experiments to compare the efficiency of using zero-valent 

iron in a reducing environment to remediate endocrine disrupting compounds in groundwater.  

The experimentations looked at varying ratios of volume of solution to mass of zero-valent iron.  

Furthermore, this study compared the reactions of the chemical constituent in question by 

varying the aqueous solution to entail the combined constituents (BPA and E2) to separate 

solutions to determine the chemical degradation model and rates over a period of a week.  

During the experiments held out with the combined concentration of BPA and E2, both BPA and 

E2 followed a power-law model.  Degradation rates increased as the varying volume to mass 

ratio decreased.  The higher degradation rates were found with a volume to mass solution at 2:1 

which gave the chemicals the shortest half-lives.  BPA’s lowest calculated half-life was 

approximately 12 days. E2’s lowest calculated half-life was approximately 1 day.  The 

degradation rates varied for each EDC when the compounds were treated separately in an 

aqueous solution over a 24-hour period.  The set of experimentations showed that the higher 

degradation rates occurred with a volume to mass ratio of 2:1.  BPA followed the first-order 

degradation model and showed a reduction of approximately 93% with a calculated half-life of 

24 days.  E2 followed a pseudo first-order degradation model and showed a reduction of 

approximately 92% during a 24-hour period with a calculated half-life of 2.655 hours.  The 

research shows that the chemicals are competing for the surface area of the iron when in 

combined solutions.  The experimentations in separate solutions show that E2 is a limiting factor 

in the ZVI.  The research determined that degradation of bisphenol A and 17-estradiol will 

occur in an aqueous solution in zero-valent iron.   
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CHAPTER ONE 

INTRODUCTION 

1.1 History of Water Quality Standards and Regulations 

The United States Environmental Protection Agency (USEPA) was founded in December 

2, 1970 during President Nixon’s leadership.  The push for the USEPA by Americans was on the 

forefront of a historical period with the people’s recognition for their own effects on the 

surrounding environment. The federal agency is used to guarantee protection for the environment 

through funding research, monitoring sites, setting standards and regulations, and lastly for 

compliance and enforcement on the American people.   The goal of the USEPA is to ensure 

future Americans a cleaner and healthier environment. 

According the USEPA, Americans use on average approximately 100 gallons of water 

per day per person.  With the high demand for clean water, there was no question that the 

USEPA established the Clean Water Act (CWA) shortly after the birth of the agency in October 

1972.  The USEPA states that “Water quality standards serve as the foundation for the water-

quality based approach to pollution control and are a fundamental component of watershed 

management”. As the years have passed, the CWA has been amended to better further the quality 

of water, by setting standards and regulations to protect state waters. The National Pollutant 

Discharge Elimination System (NPDES) was passed by congress to establish a permit system for 

regulating sources of pollution as an amendment to the CWA.  After congress passed the NPDES 

amendment to the CWA, it ensured that the USEPA would be able to help protect clean waters 

by addressing pollution at the source.  The regulations kept industries, along with individual 

persons, accountable for obtaining permits before they dump into rivers, lakes, and other 

waterways.  

The establishment of the USEPA in 1970 was the stepping stone for Americans to 

consider the effects that they have as a whole on the environment.  The need for standards and 

regulations on clean water is essential with the high demand on water for people today.  The 

research conducted is looking for potential remediation technologies to provide clean water with 

emerging contaminants of concern such as the remediation of endocrine disrupting compounds. 
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1.2 Endocrine Disrupting Compounds 

The Environmental Protection Agency has developed a Contaminant Candidate List 

(CCL), which lists all the potential contaminants based upon several factors to include potential 

risk to human health and the existence of water treatment technology that can remove the 

specific contaminant.  This is to facilitate the prioritization of the EPA’s research and data 

collection efforts to help them determine regulations of endocrine disrupting compounds (EDCs) 

in our potential drinking water.  Most notable and recent development by the Florida Department 

of Environmental Protection (FDEP) has reported on the “Emerging Substances of Concern” in 

December of 2008. This report discusses the environmental concern of endocrine disruptors 

which have been found in our present waters for decades.   

The FDEP is continuing to find the most efficient way to prevent the unintentional 

release of EDCs to the environment. With an approximate 14 million commercially available 

compounds in the United States, approximately 98% are unregulated substances with a high 

degree of uncertainty associated with their environmental fate, transport, and toxicological 

effects. It is challenging to the agency to place regulations on all the chemicals produced (FDEP, 

2008). The lack of uncertainty of these substances is attributed to analytical methods, 

toxicological studies, and environmental risk assessments that can not be measured or a method 

developed to accurately assess the damage that is being done to humans, wildlife, and the 

environment. 

EDCs are compounds that can be found in our environment, food, and consumer 

products.  They are most notable for their effects of disrupting normal growth and development 

to include the inability of the body to maintain normal hormonal and reproductive control.  

Emerging industry chemical detection technology advancements have made it possible to detect 

EDCs passing through the wastewater treatment facilities and within landfill leachate at ng/L 

concentrations.   
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1.3 Research Objectives 

With the emerging concerns of EDCs that are noted to be environmentally unsafe, 

prevalent EDCs will be investigated for specific treatment methods. This research focuses on the 

chemical degradation of endocrine disrupting compounds, specifically Bisphenol A (BPA) and 

17-Estradiol (E2).  BPA is an ingredient for plasticizers and an ingredient for epoxy resins used 

in can goods, and E2 is a natural occurring or synthetic hormone.  These two chemicals were 

picked because of their high prevalence in our groundwater today.  Both of these chemicals are 

listed as a PBT pollutant by the FDEP.  A PBT pollutant is a pollutant that is persistence, 

bioaccumulative, and toxic. PBT’s can transfer easily among air, water, and land, and can even 

span geographical and generational boundaries.  This research is pertinent to finding new and 

innovative technologies to degrade both bisphenol A and 17-estradiol.    The research explores 

the use of zero-valent iron (ZVI) as a remedial technique for the two EDCs combined in an 

aqueous solution and also as individual contaminant concentrations will degrade over a certain 

period of time up to one week.  

When treating water, you are typically treating more than one chemical constituent at a 

time. This research is working to find a remediation technology by treating the combination of 

the two EDCs in an aqueous solution with varying volume of solution to mass of iron ratios. It is 

also important to see the effects of each chemical as they are competing for the ZVI for 

treatment.  The research explores the degradation rates for each chemical compound in its own 

aqueous solution.  The study compares the half-life of the combined solutions with the half-life 

of the individual contaminant solutions pertaining to the appropriate volume of solution to mass 

of zero-valent iron ratio.   

The relevance of this research is because of the high risk characteristics that both 

bisphenol A and 17-estradiol have the ability to possess.  The current and on-going studies and 

research of both chemicals show that adverse effects on humans, wildlife, and the environment 

do and will continue to occur if treatment technology isn’t placed into practice.  Experimental 

studies conducted to understand the effects indicate that short-term, low-dose exposure to BPA is 

sufficient to elicit meiotic abnormalities which can cause miscarriages, congenital defects, and 
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mental retardation (Hunt et al. 2003).  Thomas Wintgens’ paper on Endocrine Disrupter 

Removal From Wastewater Using Membrane Bioreactor and Nanofiltration Technology states 

that “Many articles have reported threats to health and reproductive biology in animal 

populations, e.g. reports of a stimulated vitellogenin synthesis in male fish, an increased uterus 

growth of rats or changes in the gonads of alligators” (Wintgens et al. 2002).  

An attributed factor to researching both bisphenol A and 17-estradiol is due to the 

constant loading of the chemicals to the environment. Bisphenol A is constantly being introduced 

to the environment because of its use in consumer products and large production volume.  In 

2007, approximately 2.4 billion pounds of BPA was produced and approximately 1.13 million 

pounds were released into the environment in the United States (USEPA, 2010).  Though there 

have been actions taken to regulate the use of the chemical in some products, such as: baby 

bottles, food containers, and cups, some states have banned the sale of these items, but there has 

yet to be corrective action taking place for the country as a whole by the USEPA.  

17-estradiol is also constantly being introduced to the environment because of the 

natural occurring presence in animals and the constant use of the product today for hormonal 

purposes.  It is the most commonly used oral bio-active estrogen, used in practically all modern 

forms of oral contraceptive pills (Williams, 1996).  17-estradiol when compared to other 

estrogens has a longer half-life and is therefore more resistant to breakdown (Jurgens et al. 

2002).  This hormone is being released into the environment via wastewater effluents, landfill 

leachate, feedlot operations, or the land application of sewage sludges (FDEP, 2008).  From 

these applicable uses of the product, E2 has been found leaching into our groundwater and 

contaminating the water that we use and consume every day. 

Both of these endocrine disrupting chemical constituents are bioaccumulative.  The term 

refers to the accumulation of substances, such as BPA and 17-estradiol, in an organism.  In the 

event of bioaccumulation, the toxic substance is absorbed by the organism at a higher rate than 

the substance is removed or discharged from the organism.  Since bioaccumulation is a time 

sensitive subject, it is a priority to treat these chemicals in our water before a large portion of the 

bioaccumulation process can really take place in our water.   
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The ban of bisphenol A is becoming a hot topic and also the direction that society is 

leaning towards in the near future because of its environmental and human impacts.  Research on 

17-estradiol is still on going to formulate the precise detrimental health effects of the use of this 

product.  It has been determined that along with the USEPA and the FDEP it is a contaminant of 

concern.  It is important to determine safe and economically feasible remediation technologies to 

treat contaminated surface waters, groundwater, and effluent wastewaters from these 

constituents.  Zero-valent iron has been known to oxidize chemical constituents to eliminate and 

degrade them from contaminated water sources.  A small scale study has been done using zero-

valent iron to degrade endocrine disruptors, such as BPA, and has a significant impact on 

eliminating the contaminants (Clark et al. 2012).  With the recent study completed with positive 

results, it has been determined that further research is needed to look at a combination of 

bisphenol A and 17-estradiol, and possibly other endocrine disruptors.  

 

1.4 Current EDCs Remediation Technologies 

Many remediation technologies for endocrine disruptors are treated in wastewater 

treatment facilities or drinking water facilities.  This facilitates the amount of EDCs that enter 

our water via wastewater effluents or treats the contaminants at the drinking water treatment 

facility.  One remediation technique at a drinking water treatment plant (WTP) is the use of 

powder activated carbon (PAC).  The use of PAC is typically added during presedimentation or 

contact basins prior to coagulation, sedimentation, and filtration.  The governing mechanism of 

removal for the organic compounds is determined by the hydrophobic interactions that cause the 

adsorption of the contaminant to the activated carbon (Snyder et al. 2003).  Another type of 

treatment technology in practice is ozonation which is used in both WTP and wastewater 

treatment plants (WWTP) as both a disinfectant and an oxidant.  During this process, the EDCs 

can transform ozone (O3) and hydroxyl radicals (∙OH).   Snyder states that “O3 is a selective 

electrophile that reacts with amines, phenols, and double bonds in aliphatic compounds, while 

∙OH reacts less selectively with second order rate constants”.  The selectiveness of ozone may 

require the use of advance oxidation processes (AOPs), such as UV/ O3, O3/hydrogen peroxide 

(H2O2), or UV/H2O2 (Acero and Von Guntene, 2001; Acero et al. 2000; Hoigne, 1998). 
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Two types of treatment technology for EDCs used in WTP and WWTP that is not widely 

used because of the higher costs is the use of ultraviolet (UV) radiation and reverse osmosis 

(RO) treatment.  The use of UV lamps is for disinfection of microbial activity in water. The UV 

light is used to adsorb the contaminant at the desired wavelength for each constituent.  Reverse 

osmosis (RO) uses a membrane to capture the contaminants at small molecular sizes.  Removal 

of EDCs is dependent upon the size and polarity of the compound and the membrane properties 

(Snyder et al. 2003).  The use of RO can be very effective but also a costly remedial technology. 

 There are few remedial techniques for remediation of EDCs at the point source of 

contamination of our waterways.  The research presented here can be used for further 

investigation into different types of permeable reactive barriers (PRB) with zero-valent iron to be 

used near waste water treatment facility effluents or at the source of contamination prior to 

entering into a drinking water facility.   

 

1.5 Significance of Research 

The significance of this research is to determine if degradation is possible by treating the 

combined aqueous concentrations of BPA and E2 using zero-valent iron.  From conducting these 

batch experiments, conclusions will be made to find a sustainable and more environmentally 

friendly way to treat these endocrine disrupting compounds. The research will contribute to the 

goals of the USEPA, specifically in their Water Division, by opening up opportunities to see if 

zero-valent iron could be used for remediation of other endocrine disrupting compounds as well.   
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CHAPTER TWO 

BACKGROUND 

In 1996 the USEPA Safe Drinking Water Act enacted amendments for the EPA to screen 

for endocrine disrupting compounds in drinking water to deter consumption of contaminated 

water to humans. EDCs possess the ability to alter or disrupt endocrine system function by 

mimicking, antagonizing, or interfering with the biosynthesis or biodegradation of endogenous 

hormones (Sonnenschein and Soto, 1998).  The endocrine system refers to the main regulatory 

mechanism that controls different pivotal functions in the human or animal body (Lintelmann et 

al. 2003).  Glands in the human and animal body excrete hormones into the bloodstream that are 

sent to a specific organ(s) to determine the function of that specific organ(s).  These hormones 

influence several essential regulatory, growth, developmental, and homeostatic mechanisms of 

the organism, such as reproduction, maintenance of normal levels of glucose or ions in the blood, 

blood pressure, general metabolism, and other muscle or nervous system functions (Lintelmann 

et al. 2003).  When the endocrine system encounters endocrine disruptors, it can impair the 

development of the organism.    

Endocrine disruptors pertain to many chemical compounds, such as pesticides, 

plasticizers, pharmaceutical products, and estrogens. Some different forms of EDCs can be found 

in use for agriculture purposes and also for production of industrial chemicals.  Some common 

forms of EDCs are found in many household consumer products, such as manufactured 

pesticides, insecticides, herbicides, fumigants, fungicides, resins, detergents, plastics and other 

plasticizers.  Other forms of EDCs are natural occurring chemicals in plants (phytoestrogens).  

Also, EDCs can be excreted in animal or human waste from pharmaceuticals and hormones 

which can enter into the environment and wildlife.1 

When EDCs enter into the environment it poses a risk when it comes in contact with 

wildlife and humans.  No endocrine system is immune to endocrine disrupting chemicals because 

of the shared properties of the chemicals and the similarities of the receptors and enzymes 

involved in the synthesis, release, and degradation of hormones (Diamanti-Kandarakis, 2009).  

Since EDCs are fat soluble, when it enters the human body, it will not flush out of the human 
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system rapidly.  This can lead to a bioaccumulation of EDCs in the human body, stored in fat. 

This buildup has been seen to have adverse effects on humans.  Pathways for endocrine 

disruptors to enter into the environment, wildlife, and humans can be attributed to sources found 

in water, air, and soil.  

 

2.1 Environmental Occurrence 

2.1.1 Water 

Endocrine disruptors have been seen throughout the environment. With an increasing 

demand for fresh water in the United States and a growing population, an area of concern to 

researchers is determining the amount of EDCs in water sources such as groundwater, surface 

waters, or waste waters.  Studies are determining specific ways in protecting our natural water 

resources.  Pathways of contamination of our waters can come from multiple sources.  Some 

studies have shown that EDCs are accumulated in our waterways due to runoff.  The 

contaminated runoff water can be attributed from livestock farms.  The EDCs are found in the 

manure of the animals and after heavy storms can leach into the water system.  Specifically 17-

estradiol is found in manure from dairy or beef farms.  Hormones are injected into the livestock 

to produce more muscle and fat to produce more meat or milk to sell to consumers.  Today 

livestock generates approximately 21.5 million mg of recoverable manure solids each year 

(USEPA, 2001).  The recoverable manure solids is used for land applications for crops because 

they contain various plant nutrients, including nitrogen, phosphorus, and potassium (Hanselman 

et al. 2004).   Groundwater contamination becomes a concern when the manure is placed on 

crops for fertilization to promote growth.  The vegetation roots don’t uptake all of the manure as 

fertilizer, some of the manure seeps into the soil and advances into our aquifers and groundwater. 

  Another pathway of concern that studies have shown EDCs contaminating water is from 

effluent of a WWTP.  Humans and animals digest EDCs in the body from multiple sources such 

as the consumption of food, the use of plastics, or other sources.  After ingesting the EDCs, 

humans and wildlife excrete some levels of the chemicals.  The elevated EDCs can end up in 

WWTP’s that do not have the highest technologies to completely eliminate the endocrine 



9 
 

disruptors. Studies have shown that after the wastewater is treated, EDCs can be found 

downstream from its effluent discharge.  

Direct dumping from factories or industries is another cause for EDCs to contaminate 

water.  Contamination by this chemical, specifically BPA, is due to the dumping into aquatic 

ecosystems of myriad other products containing BPA (Von Saal et al. 2008).  Direct dumping of 

EDCs into the waterways provides a straight route of contamination.  In 2007, Toxics Release 

Inventory (TRI) Database said that approximately 6,246 pounds of BPA was released into the 

water by direct dumping (USEPA, 2009).  The use of ZVI could be provided to be a remedial 

technique to treat the contaminated water at the dumping source.  Another source for 

groundwater contamination is through dumping products that are made of EDCs into landfills.    

Epoxy resins containing bisphenol A have been used in most foods and beverage cans, a clear 

example of how such organic contaminants make their way into landfills and finally into landfill 

leachate (USFDA, 2010).   Due to large quantities of estrogen medications, 17-estradiol has 

found its way into landfills and landfill leachate because of the precarious discarding of 

pharmaceuticals in house hold trash.  A study reported that BPA was found in concentrations of 

1.7 mg/L in landfill leachate and 1.4 mg/L in the receiving groundwater plume (Crain et al. 

2007).  After years of accumulation, landfill leachate can become contaminated and contain high 

concentrations of EDCs.  

 

2.1.2 Air 

The detrimental environmental effects of EDCs can occur in the air we breathe.  A route 

to which endocrine disruptors can contaminate the air is when plastics or metals are burned or 

melted.  These plastics and metals contain EDCs or are suspected to have EDCs in them. BPA is 

a binding mechanism that is used to produce and make many plastics for food containers or 

beverage bottles.  After the product is heated to a certain temperature, depending on the melting 

or boiling point of the specific constituent, other unwanted by-products that are endocrine 

disruptors can leach into the air from the extreme heat placed on the product.   

Another source of air pollution from EDCs can be caused from by direct emissions of the 

chemicals into the atmosphere.  A more recent article stated that “BPA may also be present in the 
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environment as a result of fugitive emissions during processing and handling, or release of 

unreacted monomer from products” (NTP-CERHR, 2008).  Off-gassing can occur from the 

factories where BPA is produced and manufactured, as well as from factories that use the 

chemical to make certain consumer products.  Approximately 122,965 pounds of BPA were 

released into the air in 2007 according to the TRI Database (USEPA, 2009).  Another source of 

off-gassing can occur in 17-estradiol.  The widely spread use of the estrogen in livestock can 

find its way into their manure.  From the manure it can produce slight emissions.   

 

2.1.3 Soil 

Endocrine disruptors can be found in the soil and sediment.  A study described that the 

pathway of soil contamination of EDCs is from the use of manure as a fertilizer on agriculture 

crops.  The USEPA reported that approximately 20 million Mg of recoverable manure is 

generated from US dairy farms (USEPA, 2001). A large amount of recoverable manure is used 

for fertilization of crop fields.  The heavily doused EDCs on crops can result in the endocrine 

disruptors to absorb in the soil.  After adsorption, the EDCs can then produce a threat to the 

agriculture crops on the land.  The plants can indirectly uptake the contamination through the soil 

into the crops through the roots.  This can lead to consumer ingestion of the endocrine disruptors 

if consumption of the contaminated crop takes place.  The contamination to the soil can 

bioaccumulate in the sediment which can create an environment that is susceptible to potential 

contamination of future crops.  

Leaching of endocrine disrupting compounds can occur from a variety of pathways into 

soil.  One passageway of soil and sediment contamination can occur from dumping products or 

materials used in the making of EDCs.  Dumping can come about in landfills via household 

garbage.  If there is a breach in the landfill liner, contamination of soil can occur by EDCs 

leaching into the sediments.  Soil contamination can also form from sorption while groundwater 

is moving through the soil.  As the groundwater moves through its conduits, the contaminated 

water can adhere to the soil and create sedimentation contamination.  
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2.2 Background of Bisphenol A 

Bisphenol A (BPA) was first synthesized in Germany by Thomas Zincke of the 

University of Marburg (Zincke, 1905).  BPA was not developed commercially until the 1950s, 

when scientists independently developed a new plastic, polycarbonate, using BPA as the initial 

material.  Later developers used BPA in the development of epoxy resins that are used in paints 

and coatings, adhesives and composite materials.  Another use of bisphenol A is for a precursor 

to the flame retardant tetrabromobisphenol A and it’s used as a fungicide (Tsai, 2006).  

Today BPA has become a household name that is used in a wide variety of applications 

to make polycarbonate plastic and epoxy resins.  Some everyday applications that have BPA as a 

composition include: eyeglass lenses, water bottles, medical equipment, cell phones, electronics, 

construction glazing, sports safety equipment, industrial floorings, adhesives, powder coatings, 

and printed circuit boards.  Human exposure of BPA occurs primarily through food packaging 

which accounts for less than 5% of the BPA used in the country.  The release of BPA to the 

environment exceeds one million pounds per year (USEPA, 2001).  The global demand on epoxy 

resin was estimated at roughly US $15.8 billion in 2009.  The demand of the epoxy resins is 

projected to increase by 2015 to roughly a US$21.35 billion industry, with an expected 3.5-4% 

annual growth rate thereafter (Acmite, 2010).  With the projected growth of BPA, its occurrence 

in the environment is becoming more prevalent.  BPA has been known to be released into the 

environment through different portals, such as manufacturing, processing, and the use of the 

products (Cousins et al. 2002). 

The United States Environmental Protection Agency is addressing the issue on the use 

and production of BPA by adding it to the Toxic Substances Control Act (TSCA) and placing it 

on the Contaminant Concern List (CCL) of substances.  The CCL is a list of substances that 

could have harmful effects on the environment by means of long-term impact.  Research is 

focusing on the remediation of BPA in the environment because of the varied health effects that 

have been noted to occur in humans and animals that come in contact to the endocrine disrupter.  
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2.2.1 Molecular Composition of BPA 

Bisphenol A (CAS 80-05-07) is the household name for 2,2-(4,4'-dihydroxydiphenyl) 

propane (Figure 1).  Most (99.9%) of the BPA produced is used as an intermediate in the 

production of polycarbonate and epoxy resins, flame retardants, and other specialty products 

(Staples et al. 1998).  

 
Figure 2.2.1 Structure of Bisphenol A  

 

Below is a list the chemical properties attributed to the chemical aesthetics of bisphenol A.  

 

Table 2.2.1 BPA chemical properties 

 

 

 

 

 

 

 

 

 

 

 

 

BPA Chemical Properties 

Chemical names 2,2-(4,4'-dihydroxydiphenyl) propane 

Molecular Formula C15H16O2 

Molar mass 228.29 g/mol 

CAS number 80-05-7 

Appearance White to light brown flakes or powder 

Density 1.20 g/cm3 

Melting point 138-159oC 

Boiling point 220oC 

Solubility in water 120-300 ppm (21.5oC) 
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2.2.2 Studies on BPA 

Current studies on bisphenol A are trying to determine the amount of exposure to which 

levels are acceptable for human intake.  “Currently, there is considerable uncertainty about safe 

levels of BPA exposure” (Hunt et al. 2003).  The USEPA has enacted the Bisphenol A Action 

Plan, which is on the forefront of determining the hazards associated with BPA.  The EPA 

developed a model which estimates screening-level exposure assessment of chemicals (USEPA, 

2010).  Below the table illustrates the inhalation and dermal exposure estimates to BPA during 

BPA lifecycle stages. 

Table 2.2.2 Inhalation and Dermal Exposure Estimates to BPA During BPA Lifecycle Stages (USEPA, 2010). 

 

Lifecycle Stage Exposure Type 

BPA Exposure Dose 

(mg/day) 

Manufacturing 
Inhalation 0 - 9.6 

Dermal (liquids and solids) 882 - 3,100a 

USE 1: Polycarbonates 
Inhalation 0.7 - 2.7b 

Dermal (solids) 0.31 - 3,100c 

USE 2: Epoxy Resins 
Inhalation 0 - 28 

Dermal (solids) 3,100c 

USE 3: Flame 

Retardants 

Inhalation 0d 

Dermal (solids) 3,100c 
a – Exposure is in milligrams per event. Events can include sampling of containing BPA r solid BPA and 
loading/unloading of BPA from containers. 
b – Exposure is to polycarbonate dust. 
c – Exposure is in milligrams per loading/unloading of BPA from containers, which is the only identified potential 
exposure during this stage of the lifecycle. 
d – Inhalation exposure to BPA during the production of flame retardants is not expected.  

 

The model for bisphenol A shown in Table 2.2.2 is used to help the USEPA identify the potential 

exposure during manufacturing process of BPA.  Another study conducted experiments on mice 

to determine if there was a dosage limit of BPA that would create meiotic effects (Hunt et al. 

2003).  Through the study conducted by Hunt (2003), it was found that low-dose exposure of 

BPA is sufficient to elicit meiotic abnormalities in mice.  

There are many researchers that are looking to figure out the best way to eliminate BPA 

in the environment, specifically in water.  A different way researchers have looked at the 
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degradation of BPA is with photocatalytic degradation, using titanium dioxide (Ti02) at low 

doses, and placing in a photocatalytic reactor (Wang et al. 2009).  The research went on to 

discover that the use of Ti02 in 10 ppm initial BPA concentration achieved approximately 97% 

degradation after 6 hours of UV radiation.  Another study has shown that the photooxidation of 

BPA which was induced by the photolysis of Fe(III)-oxalate complexes was investigated (Zhou 

et al. 2009).  Higher removal rates of BPA were found at 2.0 ppm with an efficiency removal of 

approximately 90%.   

 

2.2.3 Health Effects of BPA 

The plastic monomer and plasticizer bisphenol A is one of the highest volume chemicals 

produced worldwide, with over six billion pounds produced each year (Vandenberg et al. 2007).  

This makes this household consumer product more of a threat to humans and the environment as 

consumption of the product is increasing worldwide.  This EDC has been detected in human and 

animals tissues and fluids.  With the increasing consumption of BPA induced products, it has 

brought a higher demand to researchers treating BPA in water to decrease the ingestion and 

leaching of BPA to animals and the environment.    

Some major side effects that have been determined through research is an increased 

incidence of infertility (Sharpe and Skakkevaek, 1993), genital tract abnormalities (Skakkeback 

et al. 1998), and breast cancer observed in European and US human populations over the last 50 

years (Munoz de Toro et al, 2005).  A study by D. Andrew Crain conducted the biological effects 

of BPA in aquatic animals, specifically fish, to see how the endocrine disruptor would react 

when it came into contact with the fish embryo.  The study determined that with a fixed 

concentration of BPA exposed to the Xenopus laevis tadpoles the male reproduction decreased 

and altered the cyclicity of reproduction overall.  Causing the reduction in sperm motility, 

delayed ovulation, and delayed timing of the spawning of fish (Crain et al. 2007).   

Another study done by Patricia A. Hunt from the genetics department stumbled upon 

research concerning the causes of meiotic aneuploidy from BPA exposure in female mice.  In her 

laboratory she discovered that over a period of time, the mice had many reproductive 

complications.  She determined that the mice cages were leaching bisphenol A and then focused 
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her research on linking the exposure of BPA to the birth defects and complications of the mice.  

Hunt administered daily oral doses of BPA to the mice which then resulted in detectable meiotic 

effects (Hunt et al. 2003).  Meiotic effects are known when there is an error in cell division, 

which gives the fetus the wrong number of chromosomes.  The deficiency in chromosomes can 

result in miscarriages or birth defects in the fetus, such as Down Syndrome or Turner Syndrome. 

Due to the increasing production of bisphenol-A, the USEPA must take precedence in 

determining the most efficient way to decrease BPA in the environment.  It is pertinent for 

researchers to develop new technology because of the increasing demand and use of this 

chemical compound.  

 

2.3 Background of 17-Estradiol 

The hormone 17-estradiol is both naturally occurring and a synthesized hormone that 

can be found in our environment.  In its natural state, 17-estradiol is an estrogen that is 

produced by human glands, mainly by ovaries and testes, and is excreted within urine and feces 

(Mes et al. 2005).  17-estradiol was first synthesized by Hans Herloff Inhoffen and Walter 

Hohlweg in 1938 (Sneader, 2005).  In its synthesized form, this estrogen compound is an 

endocrine disrupter that can disrupt the estrogenic characters of animals in the environment.  

Estrogens are excreted by humans and are readily degradable under aerobic conditions, but they 

degrade slowly under anaerobic conditions.  Conjugated estrogens, which are formed as the body 

eliminates estrogens, are not estrogenically active.  However, these conjugated estrogens can be 

deconjugated in wastewater treatment systems, liberating active estrogenic compounds in the 

discharge (FDEP et al. 2008). 

The 17-estradiol hormone is being used worldwide for many different applications. 

Some common uses of estrogen are for control of menopausal symptoms in women and for 

raising livestock.  The estrogen is placed in the livestock’s feed to help promote growth in the 

animal.  More recently, estrogen compounds like 17-estradiol are known as a bioidentical 

estrogen when in its synthetic form.  This hormone is identical in molecular structure to the 

hormones women make in their bodies.  They’re not found in this form in nature but are made, or 

synthesized, from a plant chemical extracted from yams or soy.  This hormone acts in the body 
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just like the hormones we produce naturally (Komaroff, 2006).  Some Food & Drug 

Administration (FDA) approved 17-Estradiol bioidentical hormones are Estrace, Climara, 

Estrogel, and Estraderm are produced worldwide. 

 

2.3.1 Molecular Composition of 17-Estradiol  

17-Estradiol (CAS 50-28-2) is the household name for (17)-estra-1,3,5(10)-triene-

3,17-diol (Figure 2). Most of the 17-estradiol produced is used as a hormone enhancer, 

specifically in women and in raising livestock.  

 

(Frankenfeld et al. 2011) 

 

 

Figure 2.3.1 Structure of 17-estradiol. 

 

 

Below is a list of chemical properties attributed to the chemical aesthetics of 17-estradiol. 
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Table 2.3.1 17-estradiol chemical properties 

 

17-Estradiol Chemical Properties 

Chemical names (17)-estra-1,3,5(10)-triene-3,17-diol 

Molecular Formula C18H24O2 

Molar mass 272.39 g/mol  

CAS number 50-28-2 

Appearance White crystalline powder 

Melting point 176-180oC 

Solubility in water 13 ppm 

 

 

2.3.2 Studies on 17-Estradiol 

With the growing concerns of estrogenic compounds leaching into our drinking water 

sources, many researchers are looking to find ways to lessen the impact of these compounds on 

humans and the environment.  Colucci researched the persistence of estrogenic hormones in 

agriculture soils to determine the removal of 17-estradiol.  It was determined that 17-estradiol 

was readily biodegradable in soils under a range of temperature and moisture conditions (Colucci 

et al. 2001).  It has been determined that a source of environmental contamination in soil and 

groundwater is coming from livestock manure that has been used as fertilization on crops.  The 

livestock’s feed had the estrogenic compound placed in to promote muscle growth of the animal 

to produce more muscle, the animal would secrete the 17-estradiol in its manure, which then is 

used in some cases as fertilization.  Multiple studies have focused on specific technologies that 

would eliminate 17-estradiol and other EDCs in WWTP and WTP.  Some WWTP technologies 

that have been known to treat EDCs such as 17-estradiol are membrane bioreactors (Wintgens 
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et al. 2002), sequencing batch biofilter reactor with granulation (Balest et al. 2008), advance 

oxidation, and membrane technology (Basile et al. 2011).  

Other research on 17-estradiol has incorporated different analyses and pathways of this 

compound.  Some more notable studies have determined the amount of 17-estradiol measured 

in water and soil. There is a critical need to accurately measure estrogens in dairy wastes, a 

potential source of estrogens such as 17-estradiol, to assess the risk of estrogen contamination 

of agricultural drainage waters resulting from land applications (Hanselman et al. 2004).  These 

studies have shown the amounts of estrogenic compounds that are found in our wastewater 

effluent and other water sources.  Mes did a study on the occurrence and fate of estrogenic 

compounds in WWTP for domestic waste.  He found that the activated sludge was able to 

biodegrade 17-estradiol, but low concentrations (ng/l range) were still present in final effluents 

from the WWTPs (Mes et al. 2005).  

 

2.3.3 Health Effects of 17-Estradiol 

The widespread use of estrogenic compounds in humans and in livestock, like 17-

estradiol is becoming a more prominent and researched chemical to determine the effects of this 

compound on the environment and humans.  The estrogenic compound 17-estradiol is one of 

the most widely used substances for estrogen enhancement in livestock (Anderson and 

Skakkevaek, 1999).  Studies have now been looking at this endocrine disrupter to see if there 

have been any adverse effects in the environment that could potentially cause harm to humans.  

 It has been seen in WWTP effluent waters that there is a direct correlation of the 

discharge in response to feminization of male fish (Jones et al. 2000) and early life exposure can 

affect sex ratio by increased female phenotype (Vethaak et al. 2002).  This has brought concern 

to researchers to determine if this same effect could potentially occur in human embryos.  There 

have been adverse health effects noted in research from the mid-1990s that have shown 

decreases in the last 50 years in the sperm quality and quantity in men that are attributed to EDCs 

(Sharpe and Skakkevaek, 1993, Stone, 1994, and Carlsen et al. 1995).  Further research for 

adverse health effects of 17-estradiol was conducted by Anderson and Skakkevaek in 1999 that 

connected hormone residuals in meat from animals that were treated with estrogen hormones to 
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promote growth livestock in regards to the safety of the residual with an emphasis on prepubertal 

children and the levels of estradiol in their system. 

 

2.4 Iron Treatment Studies 

One of the first studies for the use of zero-valent iron was by Gillham and O’Hannesin in 

1994 when they published a paper on the use of ZVI for the degradation of halogenated 

aliphatics.  Their research focused on an in situ remediation method that would be cost effective 

and readily available.  Fourteen chlorinated methanes, ethanes, and ethenes were evaluated for 

potential reduction of concentrations after in situ remediation with the use of ZVI. There have 

been multiple studies completed for remediation of groundwater using ZVI since the Gillham 

and O’Hannesin study (Arnold and Roberts, 1998; Clark et al. 2003; Zhang et al. 2003; Lien and 

Wilkin, 2004; Clark et al. 2005; Chen and Clark, 2009). These studies were interested in the 

degradation of chlorinated ethylene, chlorinated acetylene, perchloroethylene (PCE), arsenic, 

toxaphene, and some complex chlorinated non-aqueous phase liquids (NAPL).  Gillham and 

O’Hannesin’s research concluded that the degradation process is abiotic and electrochemical in 

nature, involving oxidation of the iron and reductive dechlorination of the organic compounds.  

The dechlorination of the organic compound is the main factor contributing to the degradation of 

the contaminant.  During the dechlorination process there is a simultaneous occurrence of two 

reactions using elemental iron: oxidation of iron by water and reductive dechlorination with Fe0 

serving as the source of electrons.  The oxidation of ZVI can be shown by the proposed reaction 

equations for zero-valent iron below based on research presented in Gillham and O’Hannesin 

(1994) and Clark (2003 and 2012):   

 

2Fe0  2Fe2+ + 4e- 

3H20 3H+ + 3OH- 

2H+ +2e-  H2 
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Clark stated that the release of free hydroxyl radicals in solution oxidizes the contaminant 

while simultaneously reducing the iron (et al. 2012).  These reactions provide a reducing 

environment that tends to keep the contaminant of concern thermodynamically unstable, causing 

degradation to occur. 

In Lien and Wilkin’s (2004) study, batch reaction and column testing occurred with the 

degradation of arsenic using zero-valent iron.  It was proposed that ZVI could be used as a 

permeable reactive barrier (PRB) to clean the groundwater as it flowed through the ZVI.  This 

study researched the effectiveness, removal mechanisms of arsenic, and the longevity of the use 

of ZVI as a PRB.   Lien and Wilkin concluded that with the high level of concentrations of 

arsenic that the removal of the contaminant is possible.  Results of the batch experiments with 

respect to arsenic removal showed a fast initial disappearance of arsenic followed by a slow 

subsequent removal of arsenic (Lien and Wilkin, 2004).  It was determined that ZVI can be an in 

situ remediation strategy for removal of arsenic in the groundwater by means of a permeable 

reactive barrier. 

Other studies went further to research not only the use of ZVI to degrade a specific 

constituent, but also the use of bimetallic substrates (Clark et al. 2005 and Clark et al. 2003) and 

acid treated iron (Clark et al. 2003) to enhance the degradation process.  The iron-catalysts used 

were nickel plated iron and acid treated iron.  Clark (2003) researched the degradation of PCE in 

ZVI and bimetallic substrates with various concentrations of ethanol.  It was determined that the 

use of nickel surfaces on the iron had the highest degradation rate of PCE.  A relationship 

between degradation rate and adsorption showed that as adsorption to the iron surface increased, 

so did the degradation rates.  Experimental results showed that increased ethanol fractions 

resulted in decreased adsorption of PCE to the iron surface which, consequently, led to the 

decreased rates of PCE degradation (Clark et al. 2003).   
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CHAPTER THREE 

MATERIALS AND METHODOLOGY 

Prior to experimentation of the degradation of the endocrine disruptors, two calibration 

curves (one for BPA and one for E2) were performed using a high performance liquid 

chromatograph (HPLC) UV-VIS detection system.  The first calibration curve was produced for 

BPA in DI water.  A stock solution of BPA was created to make the calibration curve by 

dissolving 20 mg of BPA into 100 mL of methanol.  The second calibration curve is for the 

compound 17-estradiol.  The E2 stock solution was made by repeating the same steps for the 

BPA stock solution.  To create the standards, different volumes of the stock solution (BPA or 

E2) were extracted and placed into 50 mL of DI water to create the standard concentrations in 

parts per million (ppm) for both bisphenol A and 17-estradiol separately.  The two calibration 

curves for BPA and E2 are presented in Appendix A. The table below shows the amount of 

volume of stock solution added to 50 mL DI water to create the chosen chemical concentrations 

used for each calibration curve. 

 

 

Table 3.0 Volume of stock solution added to 50 mL of MeOH to create the standard concentrations for the calibration curves. 

 

Standard Concentration (ppm) 0.5 1 2 5 10 

Volume of Stock Solution Added (mL) 0.125 0.25 0.50 1.25 2.50 

 

The degradation of Bisphenol-A and 17-estradiol experiments in combined and separate 

solutions were performed in individual batch reactors for specific time intervals over a period of 

time.  Each batch reactor was prepared in a 4 mL glass vial fitted with a Teflon-lined septa 

screw-top cap.  Initially, the empty vials were weighed, and after the addition of iron substrates, 

the vials were re-weighed.  The vials were then filled with the combined constituents (BPA and 

ES), allowing no headspace, and re-weighed.  A mass of 1.00 g of zero-valent iron (ZVI) was 

added to each of the 4 mL vials for a 4:1 volume to mass ratio (Trial 1) which was used by 

Gillham and O’Hannesin (1994), Muftikian et al. (1995), and Clark et al. (2005).   In addition to 
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the 4:1 ratio, two other trials were examined.  Trial 2 decreased the volume of solution to mass of 

zero-valent iron ratio to 2:1.  The 2:1 ratio increased the amount of iron used to 2.00 g and 

decreased the volume of aqueous solution for possible treatment of the contaminants.  Trial 3 

increased the volume to mass ratio to 8:1.  Trial 3 decreased the amount of ZVI used for possible 

treatment to 0.5 g of iron and increased the volume of the combined EDCs in aqueous solution.    

All three trials were examined at different times up to period of one week.  The three trials were 

repeated using the same technique, except instead of BPA and E2 combined in an aqueous 

solution; each contaminant was in its own aqueous solution.  The separate concentrations of BPA 

and E2 were examined at different time intervals up to a 24-hour period.  The second set of trials 

with individual contaminant solutions are used to compare if the two combined chemicals are 

competing for degradation. 

Amber glass vials were used to prevent photodegradation that could possibly occur 

during the experiment.  After the vials were weighed with the ZVI, the initial aqueous 

concentration of 2 ppm (for combined and separate aqueous solution trials) for BPA and 17-

estradiol were added to each of the vials.  The samples were prepared in triplicates to provide the 

most accurate experimental results.  The vials were placed on an orbital mixing rotator at 40 

revolutions per minute and each set was analyzed at different time intervals up to one week. 

Trials 1, 2, and 3 (combined solutions) were analyzed for 1, 6, 12, 24, 72, and 168 hours, while 

on the other hand the separate solutions were analyzed over a twenty-four hour period, with three 

sampling points at 1, 12, and 24 hours. 
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Figure 3.0  Batch reactor samples during rotation before analysis. 

 

This experimentation methodology enabled a comparison of the amount of zero valent 

iron to how efficiently the degradation occurs to the contaminant in question as well as the effect 

of one contaminant for treatment instead of the combined solutions.  For each trial, after the vials 

finished rotating for the appropriate time intervals as stated above, the liquid solution in the batch 

reactors were removed for analysis of degradation of BPA and 17-estradiol in contact with ZVI. 

The liquid solution was placed in 2 mL amber glass vials and stored in refrigeration until further 

analysis using a HPLC.  

 

3.1 Instrumentation  

All samples were analyzed for the extent of EDCs occurred with the use of a Shimadzu-

10A High Performance Liquid Chromatograph system.  The HPLC system is equipped with a 

built-in UV-VIS Detector.  The HPLC used for analysis comprised of a ESA model 542 auto 

sampler, a ESA series III pump and a ESA model 528 UV-VIS detector.  A Thermo Scientific 

column was intended for separation of the compounds for analysis from the water matrices.  The 

specifications of the column used are described in the table below.  
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Table 3.1 HPLC/UV-VIS Specifications. 

 

Column Length (mm) Particle Size (m) Pore Size (A) Serial Number 

AQUASIL C18 50 5 100 1195216T 

 

 

The mobile phase solution used for quantification of BPA and E2 consisted of 25% acetonitrile, 

25% methanol, and 50% HPLC water.  Acetonitrile (CH3CN) used for the mobile phase was 

purchased from Sigma Aldrich, with a purity of 99.9% and CAS No. 75-05-8.   Methanol 

(MeOH) was purchased from J.T. Baker Chemicals with a purity of 99.9%, and is identified by 

CAS No. 67-56-1.  Finally HPLC grade water was purchased from Sigma Aldrich, the 

compound is 99.9% pure, and has a CAS No. 7732-18-5.  All three components of the mobile 

phase were completely mixed together prior to use in the HPLC machinery.  

 
Figure 3.1 High liquid performance chromatograph (HPLC) Machinery. 

 

 

The same instrumentation method was used for both the calibration curves and analysis 

of the chemical constituent.  The flow rate of the mobile phase was preset to 1 mL/min for 

complete analysis.  The system remained stable at a pressure ranging from 1,500 to 2,000 psi.  
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The auto sampler injection volume was set at 10 L.  For analysis, the UV-VIS detector was 

programmed at a wavelength of 225 nm for BPA (Chen et al. 2007) and 220 nm for 17-

estradiol (Colucci et al. 2001) to display the maximum absorbance of each constituent.  The 

analysis had a runtime of 5 minutes, with a maximum peak for BPA identified at 2.7 minutes and 

a maximum peak detected for 17-estradiol at 1.8 minutes.  

 

 

3.2 Chemical Grade and Iron Filings 

Bisphenol A was received in a high purity form of 99+% and 17-estradiol was received 

with a purity of >97% from Sigma-Aldrich (USA).   

 

 

 

 

 

 

 

 

 

Figure 3.2a Bisphenol A Chemical Compound. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2b 17-estradiol Chemical Compound. 
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For trials 1, 2, and 3 both compounds were measured at 20 mg each and placed together in 100 

mL of methanol to form a concentration of 200 ppm.  The contaminant concentration was 

reduced by measuring 0.500 mL of the 200 ppm into 50 mL of water to obtain the 2 ppm 

concentrations for the experiments.  During experimentation trials for separate analysis of 

contaminants, (BPA and E2) were measured at 20 mg in separate flasks. A stock solution of 200 

ppm was created for both BPA and E2 by repeating the same process above to obtain the 2 ppm 

concentration for the two separate concentrations BPA and E2.  The zero-valent iron was 

obtained from Fisher Scientific Company (Pittsburgh, PA, USA) and used as received. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2c Zero-valent iron filings. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

The subsequent batch test experiments examined the degradation potential of combined 

and separate solutions of the chemical compounds bisphenol A and 17-estradiol in contact with 

zero-valent iron conducted up to a period of a week with a starting concentration of 2 ppm.  The 

HPLC machinery was able to detect the absorption of each chemical constituent at the proper 

wavelength to determine if degradation occurred.  The experimental data provided key 

information to evaluate the efficiency of the zero-valent iron to degradade each constituent.  

Furthermore, the experiments were designed to investigate the overall half-life of each chemical 

compound in an aqueous solution and investigate if the compounds are competing for the zero-

valent iron. 

 

4.1 Degradation of EDCs in Combined Solutions 

The following method was used to investigate the potential degradation of BPA and E2 in 

combined aqueous solutions with ZVI.  BPA and 17-estradiol combined initial concentration 

was 2 ppm.  To complete a 2 ppm concentration, 0.5 mL of combined BPA and E2 (200 ppm of 

BPA and E2 in MeOH) were placed into 50 mL of DI water.  The 50 mL of DI stock solution 

were divided into forty-two 2 mL vials for analysis.  The forty-two sample vials are broken down 

for each hour analyzed (0, 1, 6, 12, 24, 72, and 168 hour) placed in triplicates to ensure 

validation of data, for two sets of analysis (BPA and E2).  To note degradation of both BPA and 

E2, the vials were placed on a rotator at 40 rpms and taken off at their designated time for 

analysis.  The compounds were analyzed by a HPLC/UV-VIS detector system, as stated in 

section 3.1.  The experiments were completed using a volume of solution to mass of zero-valent 

iron ratio of 2:1, 4:1, and 8:1.  

Prior to plotting the analyzed concentrations of BPA and E2, the calibration curve for 

bisphenol A and 17-estradiol was determined and can be found in Appendix A.  The two 

calibration curves used varying concentrations (0.5, 1, 2, 5, and 10 ppm) of each constituent to 

determine the linear slope to be used in the analysis of the degradation curve.  In all trials the 
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concentrations were derived by dividing the area that was found from the HPLC analysis, by the 

slope of the respective calibration curve and multiplied by 2 for the respective initial 

concentration of 2 ppm.  To determine the degradation curve, the Crelative was used to create a 

more defined slope.  To determine the Crelative, the concentration (C) calculated was divided by 

the initial concentration (Co).  The degradation curves are plotted by Crelative in ppm versus the 

contact time in hours and can be found in Appendix A.  This method was repeated for all trials 

for both constituents.  

The results of the experimentation determined that degradation of BPA and 17-estradiol 

in a combined aqueous solution does in fact occur in the presence ZVI over a period of one week 

for all three (2:1, 4:1, and 8:1) volume to mass ratios.  The six degradation curves for bisphenol 

A and 17-estradiol are found in Appendix B and Appendix C.  All trial degradations were 

found to display a power-law function with the decrease of bisphenol A and 17-estradiol of 

relative concentration (C/Co) over time, t(h), which can be represented as (Clark et al., 2005): 

 

 

t-k
 

      

After the gathered analytical data for the degradation of both BPA and E2, power-law function 

rate constants could be calculated.  This general power-law function follows the polynomial form 

and is plotted on a log-log scale.  The power-law rate constant is established by the slope of the 

graph in which the x-axis is in terms of the natural log of time [Ln(hr)] while the y-axis is 

presented in terms of the natural log of the concentration divided by the initial concentration 

[Ln(C/Co)].   The generated linear slope on the plotted analytical data gives a degradation rate 

constant, -k, for each constituent.  

After the degradation rate constant was found for each chemical constituent during the 

degradation of combined solutions, the half-life was calculated for each volume to mass ratio.  

To calculate the half-life for a power-law function decay model, the equation of the linear 

degradation can be represented as: 

Ln(      ) = -k[Ln(t½)] + b 
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The concentration divided by the initial concentration,         , was set to equal 0.5.   The 

degradation rate, -k, and the y-intercept, b, are represented on the graphs.  The equation above 

can be rearranged to calculate the half-life, (t½): 

(t½) = e[(Ln(0.5)+b)/k] 

The half-life calculations are shown below each respective graph for each volume to mass ratio 

for the given constituent. 

 

4.1.1 Degradation of BPA in Combined Solutions 

In Appendix B, the raw analytical data from the HPLC machinery shows that there is a 

decrease in the area under the curve as the contact time of ZVI is applied in the solution 

increases.  This showed that as the concentration of BPA was in contact with zero-valent iron, 

the absorbance decreased.  The average peak of the BPA was found to be in the region around 

2.80 minutes.  The BPA showed a decreasing pattern starting from a zero hour contact time to a 

final contact time of 168 hours contact time with the ZVI.   

For a volume to mass ratio of 2:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time.  The results determined the rate constant, -k, 

was 0.4077[ln(hr)]-1 for the first trial for the degradation of BPA in an aqueous solution.  The 

analysis determined that the confidence standard error is approximately 91%.  Below the figure 

shows the degradation of 2 ppm of BPA in combined aqueous solutions for a volume to mass 

ratio of 2:1.  
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Figure 4.1.1a Degradation of BPA for volume to mass ratio of 2:1 in combined solutions. 

 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.4077Ln(t) – 3.0029.  This 

equation is solved to determine the half-life of BPA for the volume of solution to mass of iron 

ratio of 2:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+3.0029)/0.4077] 

From the equation, the calculated half-life is approximately 12 days.  

For a volume to mass ratio of 4:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time.  The results determined the rate constant, -k, 

was 0.2991[ln(hr)]-1 for the second trial for the degradation of BPA in an aqueous solution. The 

analysis determined that the confidence standard error is approximately 90%.  Below the figure 

shows the degradation of 2 ppm of BPA in combined aqueous solutions for a volume to mass 

ratio of 4:1.  
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Figure 4.1.1b Degradation of BPA for volume to mass ratio of 4:1 in combined solutions. 

 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.2991Ln(t) – 3.2372.  This 

equation is solved to determine the half-life of BPA for the volume of solution to mass of iron 

ratio of 4:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+3.2372)/0.2991] 

From the equation, the calculated half-life is approximately 206 days.  

For a volume to mass ratio of 8:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time.  The results determined the rate constant, -k, 

was 0.1337[ln(hr)]-1 for the third trial for the degradation of BPA in an aqueous solution. The 

analysis determined that the confidence standard error is approximately 83%.  Below the figure 

shows the degradation of 2 ppm of BPA in combined aqueous solutions for a volume to mass 

ratio of 8:1.  
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Figure 4.1.1c Degradation of BPA for volume to mass ratio of 8:1 in combined solutions. 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.1337Ln(t) – 3.7365.  This 

equation is solved to determine the half-life of BPA for the volume of solution to mass of iron 

ratio of 8:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+3.7365)/0.1337] 

From the equation, the calculated half-life is approximately 1.755E10 days.  

Based on the generally high r2 values, the reaction is indeed a power-law function 

(Gillham and O’Hannesin, 1994).  The results of the half-life’s can be shown in the following 

table.  As the amount of zero-valent iron is increased, the half-life decreases.  By varying the 

amount of zero-valent iron to the volume of solution, the experimental results determined that 

with a higher mass of iron, the faster bisphenol A will degradade.  Table 4.1.1 summarizes the 

varying volume to mass ratio with the slope of degradation in zero-valent iron. 
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Table 4.1.1 BPA Degradation by ZVI at Varying Volume-to-Mass Ratios with Combined Initial Concentrations. 

Substrate 
Volume:Mass 

ratio 

Initial Concentration 

BPA (ppm) [in 

combined solutions] 

-kbpa
a
 t ½ (days) R

2
 

Fe0 2:1 2 0.4077 12.03 91 

Fe0 4:1 2 0.2991 205.95 90 

Fe0 8:1 2 0.1137 1.755E10 83 

a Degradation constant, -kbpa in [ln(hr)]-1. 

 

 

As the amount of zero-valent iron decreases in each trial, so does the degradation rate.  

The degradation rate decreases approximately 27 % from the 2:1 volume of solution of BPA to 

mass of ZVI to the 4:1 ratio.  With the dramatic decrease in iron, the 4:1 ratio BPA concentration 

caused the half-life to increase to 205.95 days.  The degradation rate decreases approximately 

72% from the 2:1 volume to mass ratio of 8:1.  The half-life increased dramatically to 

approximately 17.5 million days, which is equivalent to 48.1 thousand years with the decrease in 

iron applied as a remediation technology. 

 

4.1.2 Degradation of E2 in Combined Solutions 

In Appendix C, the raw analytical data from the HPLC machinery shows that there is a 

decrease in the area under the curve for 17-estradiol as the solution is in contact with ZVI.  The 

results show that as the concentration of E2 was in contact with zero-valent iron, the absorbance 

decreased.  The average peak of the E2 was found to be in the region around 1.80 minutes.  The 

17-estradiol showed a decreasing pattern starting from a zero hour contact time to a final 

contact time of 168 hours with the ZVI.   

For a volume to mass ratio of 2:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time. The results determined the rate constant, -k, 

was 0.4189[ln(hr)]-1 for the first trial for the degradation of 17-estradiol in an aqueous solution.  

The analysis determined that the confidence standard error is approximately 86%.  Below the 
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figure shows the degradation of 2 ppm of E2 in combined aqueous solutions for a volume to 

mass ratio of 2:1.  

 

 

Figure 4.1.2a Degradation of E2 for volume to mass ratio of 2:1 in combined solutions. 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.4189Ln(t) – 2.0184.  This 

equation is solved to determine the half-life of E2 for the volume of solution to mass of iron ratio 

of 2:1. The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+2.0184)/0.4189] 

From the equation, the calculated half-life is approximately 1 day.  

For a volume to mass ratio of 4:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time.  The results determined the rate constant, -k, 

was 0.2465[ln(hr)]-1 for the second trial for the degradation of E2 in an aqueous solution.  The 
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analysis determined that the confidence standard error is approximately 93%.  Below the figure 

shows the degradation of 2 ppm of E2 in combined aqueous solutions for a volume to mass ratio 

of 4:1.  

 

 

Figure 4.1.2b Degradation of E2 for volume to mass ratio of 4:1 in combined solutions. 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.2465Ln(t) – 2.8955.  This 

equation is solved to determine the half-life of E2 for the volume of solution to mass of iron ratio 

of 4:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+2.8955)/0.2465] 

From the equation, the calculated half-life is approximately 316 days.  

For a volume to mass ratio of 8:1, the power-law function was plotted in a log-log graph, 

natural log of C/Co versus the natural log of time. The results determined the rate constant, -k, 
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was 0.2036[ln(hr)]-1 for the third trial for the degradation of 17-esstradiol in an aqueous 

solution.  The analysis determined that the confidence standard error is approximately 94%.  

Below the figure shows the degradation of 2 ppm of E2 in combined aqueous solutions for a 

volume to mass ratio of 8:1.  

 

 

Figure 4.1.2c Degradation of E2 for volume to mass ratio of 8:1 in combined solutions. 

 

The equation of the linear degradation occurring is Ln(C/Co) = -0.2036Ln(t) – 2.9006.  This 

equation is solved to determine the half-life of E2 for the volume of solution to mass of iron ratio 

of 8:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

(t½) = e[(Ln(0.5)+2.9006)/0.2036] 

From the equation, the calculated half-life is approximately 2,130 days.  
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By varying the amount of zero-valent iron to the volume of solution, the experimental 

results determined that with a higher mass of iron, the faster 17-estradiol will degrade. Table 

4.1.2 summarizes the varying volume to mass ratio with the slope of degradation in zero-valent 

iron.  

 

Table 4.1.2  E2 Degradation by ZVI at Varying Volume-to-Mass Ratios with Combined Initial Concentrations. 

Substrate 
Volume:Mass 

ratio 

Initial Concentration 

E2 (ppm) [in combined 

solutions] 

-kE2
a
 t ½ (days) R

2
 

Fe0 2:1 2 0.4189 0.985 86 

Fe0 4:1 2 0.2465 316.22 93 

Fe0 8:1 2 0.2036 2130.37 94 

a Degradation constant,- kE2 in [ln(hr)]-1. 

 

 

As the amount of zero-valent iron decreases in each trial, the degradation rate decreases.  

The degradation rate decreases approximately 41 % from the 2:1 volume of solution of E2 to 

mass of ZVI to the 4:1 ratio.  With the dramatic decrease in iron, the 4:1 ratio E2 concentration 

caused the half-life to increase to 316.22 days. The degradation rate decreases even greater by 

the third trial (8:1 ratio) by approximately 51 %. The half-life increased to 2,130.37 days with 

the decrease in iron applied as a remediation technology. 

 

4.1.3 Comparison of Degradation Results in Combined Solutions 

The above research experimentations were carried out in order to associate the overall 

degradation effectiveness of zero-valent iron when dealing with combined concentrations of 

bisphenol A and 17-estradiol in DI water.  The table below shows the percent reductions of 

concentrations for both BPA and E2 for each volume to mass ratio in the power-law function 

during linear decline.  
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Table 4.1.3 Percent reductions for comparison of BPA and E2 after degradation in ZVI in a combined concentration. 

Substrate 
Volume:Mass 

ratio 
BPA % Reduction (%) E2 Final % Reduction (%) 

Fe0 2:1 90 93 

Fe0 4:1 77 81 

Fe0 8:1 32 72 

 

Table 4.1.3 indicates the performance of degradation in combined solutions is favored by 17-

estradiol.  The higher reduction seen in E2 can be attributed to the chemical properties of both 

BPA and E2.  17-estradiol has a lower solubility in water, 13 ppm (Colucci et al. 2001) 

compared to that of BPA, 120 ppm (Dorn et al. 1987).  The lower solubility can take into 

account that the E2 is more easily broken down in the solvent.  In a previous study, 

dechlorination of bimetallic substrates caused toxaphene to degrade in the presence of zero-

valent iron (Chen and Clark, 2009 and Clark et al. 2005).  Because the two chemical constituents 

(BPA and E2) in question have no presence of chlorine, these experiments appear to show that 

the zero-valent iron is breaking down the actual structure of the chemical compounds.  

Once the analytical results were calculated and plotted on their respective graph for the 

degradation of bisphenol A and 17-estradiol in a combined aqueous solution in the presence of 

zero-valent iron, the subsequent procedure was followed to assess if the chemical compounds are 

competing for the ZVI for degradation.  

 

4.2 Degradation of EDCs in Separate Solutions 

The following method is very similar to the one mentioned above in section 4.1.  

Changes were made accordingly to be able to compare the competing chemicals to decipher the 

impact of the two contaminants combined into one solution for degradation compared to that of 

the chemicals alone in their own solution during degradation in zero-valent iron.  The preceding 

methodology is used for both batch reactor experiments.   BPA had an initial concentration of 2 

ppm.  To complete a 2 ppm concentration of bisphenol A, 0.5 mL of BPA (200 ppm of BPA in 
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MeOH) were placed into 50 mL of DI water. The 50 mL of DI stock solution were divided into 

twelve 2 mL vials for analysis.  The twelve sample vials are broken down for each hour analyzed 

(0, 1, 12, and 24 hour) placed in triplicates to ensure validation of data, for analysis of bisphenol 

A.  This same process was repeated using 17-estradiol separately.  To note degradation of both 

BPA and E2 in separate aqueous solutions, the vials were placed on a rotator at 40 rpms and 

taken off at their designated time for analysis.  The compounds were analyzed by a HPLC/UV-

VIS detector system, as stated in section 3.1.  The experiments were completed using a volume 

of solution to mass of zero-valent iron ratio of 2:1, 4:1, and 8:1 up to 24 hours.  

In all trials the concentrations were derived by dividing the area that was found from the 

HPLC analysis, by the slope of the respective calibration curve and multiplied by 2 for the 

respective initial concentration of 2 ppm, as stated in section 4.1.  To determine the degradation 

curve, the Crelative was used to create a more defined slope.  To determine the Crelative, the 

concentration (C) calculated was divided by the initial concentration (Co).  The degradation 

curves for the degradation of BPA and E2 in separate aqueous solutions are plotted by Crelative in 

ppm versus the contact time in hours and can be found in Appendix B and Appendix C.  This 

method was repeated for all trials for both constituents.  

The results of the experimentation determined that degradation of both BPA and 17-

estradiol in an aqueous solution does occur in the presence ZVI over a period of one day for all 

three (2:1, 4:1, and 8:1) volume to mass ratios.  Unlike the previous experiments, the degradation 

models were different for each chemical constituent.   

Bisphenol A followed a first-order decay model function.  The first-order model, when 

rearranged to determine the reaction for BPA only, can be written as (Clark et al. 2012): 

 

Where CBPA represents the BPA concentration in the aqueous solution, kBPA represents 

the first-order rate constant for degradation of BPA; and t is equivalent to the time that the 
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solution was in contact with ZVI.  This equation can be rearranged to be written as (Clark et al 

2012): 

 

where CBPA (t) represents the residual bisphenol A concentration in solution, while Co,BPA 

represents the initial BPA concentration in solution. 

After gathering the analytical data for the degradation of BPA, the first-order function 

rate constants are calculated.  The first-order decay function follows a linear trend and is plotted 

on a graph to establish the rate constant to define the slope of the graph.  The graph is plotted by 

the concentration (C) divided by the initial concentration (Co) versus the time to generate the 

first-order decay model.  The generated linear slope on the plotted analytical data gives a 

degradation rate constant, -k, for each constituent.  

After the degradation rate constant was found for BPA during the degradation in a 

separate solution, the half-life was calculated for each volume to mass ratio.  To calculate the 

half-life for a first-order function decay model, the equation of the linear degradation can be 

represented as: 

(       ) = e[-k
BPA

(t½) + b] 

 

The concentration divided by the initial concentration,         , was set to equal 0.5.  The 

degradation rate, -kBPA, and the y-intercept, b, are represented on the graphs.  The equation above 

can be rearranged to calculate the half-life, t½: 

t½ = [(Ln(0.5) - b)/-kBPA] 

The half-life calculations are shown below each respective graph for each volume to mass ratio 

for the given constituent. 
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For 17-estradiol, it was determined that the degradation occurred in the pseudo first-

order decay model function.  The pseudo first-order model, when rearranged to determine 

reaction for 17-estradiol only, can be written as (Tratnyek et al., 2001): 

 

 e-kt 

 

Where C represents the 17-estradiol concentration in the solution after the degradation 

process has occurred; C0 is equivalent to the initial concentration of 17-estradiol in the solution; 

k represents the pseudo first-order rate constant for degradation of 17-estradiol; and t is 

equivalent to the time that the solution was in contact with ZVI.  After the gathered analytical 

data for the degradation for E2, the pseudo first-order function rate constants are calculated.  The 

pseudo first-order decay function is plotted on a graph.  The generated linear slope for the plotted 

analytical data gives a degradation rate constant, -k, for each constituent.  

After the degradation rate constant was found for E2 during the degradation in a separate 

solution, the half-life was calculated for each volume to mass ratio.  To calculate the half-life for 

a first-order function decay model, the equation of the linear degradation can be represented as: 

 

(        ) = e[-k
E2

(t½) - b] 

 

The concentration divided by the initial concentration,         , was set to equal 0.5.  The 

degradation rate, -kE2, and the y-intercept, b, are represented on the graphs.  The equation above 

can be rearranged to calculate the half-life, t½: 

t½ = [(Ln(0.5) + b)/kE2]
 

The half-life calculations are shown below each respective graph for each volume to mass ratio 

for the given constituent. 
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4.2.1 Degradation of BPA in a Separate Solution 

In Appendix B, the raw analytical data from the HPLC machinery shows that there is a 

decrease in the area under the curve as the contact time of ZVI is applied in the solution 

increases.  Like in the previous experiments, as the concentration of BPA was in contact with 

zero-valent iron, the absorbance decreased.  The BPA showed a decreasing pattern starting from 

a zero hour contact time to a final contact time of 24 hours in ZVI.  The pattern of the BPA 

degradation created a smaller half-life compared to BPA in the combined solution.  

For a volume to mass ratio of 2:1, the first-order decay function was plotted on a graph, 

C/Co versus the time.  The results determined the rate constant, -k, was 0.0013 (hr)-1 for the first 

trial for the degradation of BPA in an aqueous solution.  The analysis determined that the 

confidence standard error is approximately 95%.  Below the figure shows the degradation of 2 

ppm of BPA in an aqueous solution for a volume to mass ratio of 2:1.  

 

 

Figure 4.2.1a Degradation of BPA for volume to mass ratio of 2:1 in a Separate Solution. 
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The equation of the linear degradation occurring is (C/Co) = -0.0013(t) + 0.0475.  This equation 

is solved to determine the half-life of BPA for the volume of solution to mass of iron ratio of 2:1. 

The half-life, (t½), can be calculated from the equation of linear degradation and rearranged 

below: 

t½ = [(Ln(0.5) – 0.0475)/-0.0013] 

From the equation, the calculated half-life is approximately 24 days.  

For a volume to mass ratio of 4:1, the first-order decay function was plotted on a graph. 

The results determined the rate constant, -k, was 0.0009 (hr)-1 for the second trial for the 

degradation of BPA only in an aqueous solution.  Below the figure shows the degradation of 2 

ppm of BPA in an aqueous solution for a volume to mass ratio of 4:1.  

 

 

 

Figure 4.2.1b Degradation of BPA for volume to mass ratio of 4:1 in a Separate Solution. 
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The equation of the linear degradation occurring is (C/Co) = -0.0009(t) + 0.0243.  When this 

equation is solved, it can determine the half-life of BPA for the volume of solution to mass of 

iron ratio of 4:1.  The half-life, (t½), can be calculated from the equation of linear degradation 

and rearranged below: 

t½ = [(Ln(0.5) – 0.0243)/-0.0009] 

From the equation, the calculated half-life is approximately 33 days.  

For a volume to mass ratio of 8:1, the first-order decay model function was plotted and 

resulted in a rate constant, -k, was 0.0007(hr)-1 for the third trial for the degradation of BPA in an 

aqueous solution.  Below the figure shows the degradation of 2 ppm of BPA in an aqueous 

solution for a volume to mass ratio of 8:1.  

 

 

 

Figure 4.2.1c Degradation of BPA for volume to mass ratio of 8:1 in a Separate Solution. 
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The equation of the linear degradation occurring is (C/Co) = -0.0007(t) – 0.0276.  This equation 

is solved to determine the half-life of BPA for the volume of solution to mass of iron ratio of 8:1. 

The half-life, (t½), can be calculated from the equation of linear degradation and rearranged 

below: 

t½ = [(Ln(0.5) – 0.0276)/-0.0007] 

From the equation, the calculated half-life is approximately 43 days.  

As the amount of zero-valent iron decreases in each trial, so does the degradation rate.  

The degradation rate decreases approximately 32 % from the 2:1 volume of solution of BPA to 

mass of ZVI to the 4:1 ratio.  With the decrease in iron, the 4:1 ratio BPA concentration caused 

the half-life to multiply 1 ½ times to 33.22 days.  The degradation rate decreases greater by the 

8:1 ratio by approximately 41 %. The half-life almost doubled to 42.90 days, with the decrease in 

iron applied. 

Like in the last batch experiments, by varying the amount of zero-valent iron to the 

volume of solution, the experimental results determined that with a higher mass of iron, the 

faster bisphenol A will degradade.  Table 4.2.1 summarizes the varying volume to mass ratio 

with the half-life in zero-valent iron dependent  upon the variable if the solution is combined 

with both constituents (BPA and E2) or if the aqueous solution is in BPA alone.  

 

 

Table 4.2.1 Comparison of BPA Degradation by ZVI at Varying Volume-to-Mass Ratios in Combined Solutions (BPA and E2) and Separate 

Solutions for an Initial Concentration of 2 ppm. 

Substrate 
Volume:Mass 

ratio 

t ½ (days)[combined 

solutions] 
t ½ (days) [BPA only solution] 

Fe0 2:1 12.03 23.74 

Fe0 4:1 205.95 33.22 

Fe0 8:1 1.755 E10 42.90 

a Degradation constant, -kbpa in [ln(hr)]-1. 

The results of BPA indicate that the half-life decreases when 17-estradiol is not present 

in the aqueous concentration for analysis except for the 2:1 ratio, where the half-life is 
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approximately doubled when in separate solutions.  The half-life decreases dramatically in a 

separate solution compared to when the solutions are combined.  The results determine that E2 is 

a limiting factor for BPA’s degradation in a combined solution.  From the comparison of the 

results, this determines there is a competition between BPA and E2 when combined in an 

aqueous solution for degradation purposes.  The BPA will degradade quicker alone than with 

competing chemicals.  

 

4.2.2 Degradation of E2 in a Separate Solution 

In Appendix C, the raw analytical data from the HPLC machinery shows that there is a 

decrease in the area under the curve as the contact time of ZVI is applied in the solution 

increases.  Like the previous experimentation, as the concentration of E2 was in contact with 

zero-valent iron, the absorbance decreased.  The E2 showed a decreasing pattern starting from a 

zero hour contact time to a final contact time of 24 hours in ZVI.  The pattern of the 17-

estradiol degradation created a smaller half-life compared to E2 in the combined solution.  

For a volume to mass ratio of 2:1, the pseudo first-order decay model function 

determined the rate constant, -k, is 0.3823 (hr)-1 for the first trial for the degradation of 17-

estradiol in an aqueous solution.  The analysis determined that the confidence standard error is 

approximately 94%.  Below the figure shows the degradation of 2 ppm of E2 in an aqueous 

solution for a volume to mass ratio of 2:1.  
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Figure 4.2.2a Degradation of E2 for volume to mass ratio of 2:1 in a Separate Solution. 
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t½ = [(Ln(0.5) + 1.7084)/0.3823] 
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order function and plotted to determine the rate constant, -k, was 0.2888(hr)-1 for the second trial 

for the degradation of E2 in an aqueous solution.  The analysis determined that the confidence 

standard error is approximately 89%.  Below the figure shows the degradation of 2 ppm of E2 in 

an aqueous solution alone for a volume to mass ratio of 4:1.  
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Figure 4.2.2b Degradation of E2 for volume to mass ratio of 4:1 in a Separate Solution. 
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equation is solved to determine the half-life of E2 for the volume of solution to mass of iron ratio 

of 4:1.  The half-life, (t½), can be calculated from the equation of linear degradation and 

rearranged below: 

t½ = [(Ln(0.5) + 3.0577)/0.2888] 

 From the equation, the calculated half-life is approximately 8 hours.  

For a volume to mass ratio of 8:1, the pseudo first-order decay model was plotted in a 

log-log graph.  The results determined the rate constant, -k, was 0.0558(hr)-1 for the third trial for 

the degradation of 17-estradiol in an aqueous solution by itself.  The analysis determined that 

the confidence standard error is approximately 90%.  Below the figure shows the degradation of 

2 ppm of E2 in an aqueous solution for a volume to mass ratio of 8:1.  
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Figure 4.2.2c Degradation of E2 for volume to mass ratio of 8:1 in a Separate Solution. 
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The degradation of 17-estradiol, like in the last batch experiments, is trending the same 

as BPA, by varying the amount of zero-valent iron to the volume of solution, the experimental 

results determined that with a higher mass of iron, the faster 17-estradiol will degradade.  Table 

4.2.2 summarizes the varying volume to mass ratio with the half-lives in zero-valent iron 

dependent  upon the variable if the solution is combined with both constituents (BPA and E2) or 

if the aqueous solution is in E2 alone.  

 

 

Table 4.2.2 Comparison of E2 Degradation by ZVI at Varying Volume-to-Mass Ratios in Combined Solutions (BPA and E2) and Separate 

Solutions for an Initial Concentration of 2 ppm. 

Substrate 
Volume:Mass 

ratio 
t ½ (days) [combined solutions] t ½ (days) [E2 only solution] 

Fe0 2:1 0.985 0.11 

Fe0 4:1 316.22 0.34 

Fe0 8:1 2,130.37 1.01 

 

 

The results indicate that half-life decreases when bisphenol A is not present in the 

aqueous concentration for analysis.  The half-life decreases dramatically in a separate solution 

compared to when the solutions are combined.  The results determine that E2 is a limiting factor 

in the decay model in combined solutions.   There is a competing nature between E2 and BPA 

when in a combined aqueous solution.  Overall, the 17-estradiol will degradade quicker alone 

than competing with BPA. 

 

4.2.3 Comparison of Degradation of EDCs in Separate Solutions 

The above research experimentations were carried out in order to associate the overall 

degradation effectiveness of zero-valent iron when dealing with the contaminants BPA and E2 in 

separate concentrations in DI water.  The table below shows the percent reductions of 

concentrations for both BPA and E2 for each volume to mass ratio in their specific degradation 

decay model during linear decline in separate solution concentrations. 
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Table 4.2.3 Percent reduction for comparison of BPA and E2 after degradation in ZVI in separate solutions. 

Substrate Volume:Mass ratio BPA % Reduction (%) E2 % Reduction (%) 

Fe0 2:1 93 92 

Fe0 4:1 87 84 

Fe0 8:1 84 82 

 

 

Table 4.2.3 indicates the performance of percent reduction for degradation in separate solutions 

is relatively higher for BPA over a twenty-four hour period of time.  This association when 

compared to Table 4.1.3 in section 4.1.3 shows that there is an increase in reduction of each 

contaminant when it is present by itself in DI water.  The increase in reduction can be 

contributed to the correlation that the chemical constituent by not having to compete for the 

surface area of the iron to treat the contaminant.  The ZVI can remediate at a higher rate and 

produce when there is only one chemical (BPA or E2) in the aqueous solution.   

 

 

4.3 Overall Discussion of Results 

The experimental results from both the combined and separate solutions indicate that 

there is a competing nature between the chemical constituents.  During combined aqueous 

solutions, E2 degradades more rapidly than BPA in ZVI and has a higher reduction percentage.  

Below is a table displaying the difference contaminant percent reduction during combined and 

separate treatment in ZVI. 
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Table 4.3a Percent Reduction Comparison of BPA and E2 after degradation in ZVI for both experiments. 

Substrate 
Volume:Mass 

ratio 

BPA % 

Reduction 

(Combined) 

BPA % 

Reduction 

(Separate) 

E2 % 

Reduction 

(Combined) 

E2 % 

Reduction 

(Separate) 

Fe0 2:1 90 93 93 92 

Fe0 4:1 77 87 81 84 

Fe0 8:1 32 84 72 82 

 

 

Table 4.3a indicates that as the EDCs are in separate aqueous concentrations, they have a higher 

percent reduction than when in a combined solution.  These results follow the same trend in 

Clark’s (2003) paper which states there is a competition between the chemical constituents 

competing for the surface area of the zero-valent iron.  BPA’s higher reduction percentage can be 

attributed to having a smaller molecule size.  The solution with the smaller molecules (BPA) can 

find a greater number of uninhabited sorption sites faster, and therefore, degraded faster than the 

chemical with larger molecules (E2) when in separate solutions (Clark et al. 2003).  In separate 

solutions, BPA has a larger percentage reduction in ZVI than when in an aqueous solution 

combined with E2. 

The results of the batch experiments point towards that as a greater amount of zero-

valent iron is added to treat the contaminants, the greater the degradation rate becomes, which 

generates a lower half-life for each contaminant constituent.  Overall the use of zero-valent iron 

to treat BPA and E2 in water improves as the volume of solution to mass of iron ration 

decreases.  The results of the varying volume of solution to mass ratio were to a certain extent 

expected based on comparable research by Clark in 2005 with his paper on Degradation of 

Toxaphene by Zero-Valent Iron and Bimetallic Substrates.  Clark’s research found that as the 

“increased of ZVI in the batch reactors provided a higher rate of toxaphene degradation, and, 

therefore, a lower half-life value” (Clark et al. 2005).  The batch experiments presented in this 

manuscript show the same correlation in varying the volume of solution to mass of zero-valent 

iron ratio.  The results of the batch experiments tested in a concentration alone when compared 



53 
 

to the combined solutions showed that E2 is the limiting factor during degradation of the EDCs.  

As reported by (Lien and Wilkin, 2004) which showed a fast initial disappearance of 

contaminant followed by a slow subsequent removal of the compound, E2 has a similar 

degradation.  The similar degradation of E2 between the combined solutions and the separate 

solutions display that E2 is favored during ZVI treatment.    

Other papers indicated that degradation of a contaminant in aqueous solution in zero-

valent iron was reported to have a kinetics that agreed with zero-order reaction (Lien and Wilkin, 

2004), first-order (Gillham and O’Hannesin, 1994), and pseudo first-order (Clark et al. 2003).  

The kinetics behind the reaction rate constant was used to find the best-fit line, with the highest 

confidence interval level.  The research presented here follows the power-law function 

relationship when the combination of constituents is present.  The degradation reaction rate 

followed that of Clark’s (et al. 2005) where the natural log of the concentration divided by the 

initial concentration was plotted versus the natural log of time to find the reaction rate of the 

degradation.   

During the experimentations in separate solutions, the research presented here 

determines that BPA follows the first-order decay model function when in a solution alone.  The 

degradation reaction rate followed that of Clark’s (et al. 2012) where BPA in a volume to mass 

ratio of 4:1 was found to have the same degradation function. For the E2 experimentations in a 

concentration by itself, the research determined that the degradation of E2 follows a pseudo first-

order decay model.  The degradation reaction rate followed that of Tratnyek (et al. 2001) where 

the natural log of the concentration divided by the initial concentration was plotted versus the 

time to find the reaction rate of the degradation.   

Other research has shown that degradation of zero-valent iron is possible to treat various 

contaminants in groundwater.  The table below shows degradation rate constants for 

contaminants with initial concentrations between 1.6 ppm and 2.5 ppm in DI water at a 4:1 

volume of solution to mass of iron ratio.  
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Table 4.3b Reaction rates and half-lives of varying contaminants in DI water treated with ZVI. 

Contaminant Reaction Rate Half-lives  

Bisphenol Aa  0.304 Ln(hr)-1 87 days 

17-Estradiola  0.3621 Ln(hr)-1  1.6 days 

Toxapheneb 0.088 Ln(hr)-1 46.7 days 

TCEc 0.017 hr-1 13.6 hours 

Nitrobenzened 2.04 hr-1 0.34 hours 
a - Current Study 
b - Clark et al. 2005 
c - Gillham et al. 1994 
d - Tratnyek et al. 2001 

 
 

The longer half-lives in the experimentations can be attributed to the higher 

concentration used for both BPA and E2 during the batch reactors.   In nature, the average 

concentrations of bisphenol A and 17-estradiol are much smaller than used in this report. 

Typically BPA is found in groundwater at concentrations ranging from 0.0041 to 1.9 parts per 

billion (ppb) (USEPA, 2010).  17-estradiol on the other hand is found in groundwater at 

concentrations less than 1 ppb (Snyder et al. 2003).  The large concentrations used in this 

experiment will not be found naturally occurring in the environment.  The experiments at hand 

use the high-level concentrations of BPA and E2 to assess the effectiveness of ZVI for 

remediation purposes and evaluate the implications of the process with regard to the stability of 

both chemicals (Lien and Wilkin, 2004).  Another contributing factor for the longer half-lives is 

attributed to the anaerobic environment in which the experiments took place.  The anaerobic 

environment is created by sealing off the sample vials with no head. This created an anaerobic 

environment by not allowing air to be exposed to the concentration during the experimentations.  

Without air interacting with the solutions, it could not volatilize to help progress the degradation.  

The results created an environment to mimic that of groundwater.  
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CHAPTER FIVE 

CONCLUSION 

These experiments conducted the effectiveness of ZVI at high concentrations of BPA 

and E2 remediation in groundwater.  The research experimentations were carried out in order to 

associate the overall degradation effectiveness of zero-valent iron when dealing with combined 

concentrations of bisphenol A and 17-estradiol in DI water. During the combined 

concentrations of both chemicals, the degradation of 17-estradiol favored by the zero-valent 

iron over a period of a week’s time.  The favorability can be contributed to the degradation 

model when in a separate solution.  When E2 is in a separate solution, the pseudo first-order 

decay model is applied and is similar to that of the power-law function when in combined 

solutions.  Both have a fast initial loss followed by a slow subsequent removal (Lien and Wilkin, 

2004).  Also, the higher reduction seen in E2 can be attributed to the chemical properties of both 

BPA and E2.  17-estradiol has a lower solubility in water, compared to that of BPA, as 

discussed earlier.  The lower solubility causes the E2 chemical molecule to be easily broken 

down in the solvent.  The combined experimentations show that there is a competing trend 

between the two chemicals for surface area space on the zero-valent iron.   

When the two concentrations were placed separately in ZVI the decay models changed 

during the 24-hour period.  The percent reduction for degradation is relatively higher for BPA 

when in separate concentrations.  There is an increase in reduction of each contaminant when it 

is present by itself in DI water.  The increase in reduction can be contributed to the correlation 

that the chemical constituent does not have to compete for the surface area of the iron to treat the 

contaminant.  BPA is a smaller molecule than E2, which is used for its advantage by finding sites 

for sorption quicker and consequently degrades at a faster rate than 17-estradiol.  ZVI can 

remediate the EDCs at a higher rate when there is only one chemical (BPA or E2) in the aqueous 

solution.   

The overall results of the batch experiments point towards that as a greater amount of 

zero-valent iron is added to treat the contaminants, the greater the degradation rate becomes, 

which generates a lower half-life for each contaminant constituent.  Overall the use of zero-
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valent iron to treat BPA and E2 in water improves as the volume of solution to mass of iron ratio 

decreases.  The batch experiments presented in this manuscript show the correlation in varying 

the volume of solution to mass of zero-valent iron ratio.  The kinetics behind the reaction rate 

constant was used to find the best-fit line, with the highest confidence interval.  The degradation 

rates presented in the manuscript for combined solutions follow the power-law function 

relationship.  The degradation rates presented for separate solutions show differing decay 

models; for BPA a first-order decay model, and for E2 a pseudo first-order decay model.  

Overall there is a relationship between the volume of solution to the mass of zero-valent 

iron versus the chemical constituents in a combined solution.  Degradation of bisphenol A and 

17-estradiol does occur in the presence of zero-valent iron.  To create a high degradation rate, a 

lower volume to mass ratio must be provided.  A lower volume of solution to mass of ZVI 

creates a lower half-life.  A lower half-life creates a welcomed environment for the use of zero-

valent iron as a remediation technique to remove bisphenol A and 17-estradiol in groundwater.  
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CHAPTER SIX 

FUTURE RESEARCH 

 

The research showed the kinetic results of degradation of bisphenol A and 17-estradiol 

in zero-valent iron can be an effective remediation process to treat contaminated groundwater.  

With the knowledge from the batch experiments, further questions remain regarding the 

rudiments of the treatment process and supplementary effects caused by the investigated 

treatment system.  Since both contaminants in separate solutions are analyzed over 24 hours 

instead of one week, as seen in section 4.1.1, future research should look into the long term 

effects of degradation for the contaminants in separate concentrations. 

The largest concern of this treatment process is the possible byproducts that can occur. 

As discussed beforehand, the EDCs will produce byproducts due to the partial oxidation process.  

A couple of studies on BPA have shown that there are possible byproducts during the oxidation 

of BPA (Deborde et al. 2005 and Liu et al. 2011).  The byproducts are thought to be formed 

when the hydroxyl radicals attack BPA to form monohydroxylated BPA, which further reacts 

with the excess hydroxyl radicals to form the following product or intermediates: 4-

isopropenylphenol, hydroquinone, and 2-(4-hydroxyphenyl)propane (Liu et al. 2011).  There is a 

study that examined the possible byproducts of E2 during an oxidation process in sediments by 

Colucci (et al. 2001).  He determined there were no other byproducts, estrogenic or otherwise, 

accompanying the degradation of 17-estradiol in soils (Colucci et al. 2001).  This study did not 

examine possible byproducts during the experimentations.  To further investigate the potential 

byproducts, future research should identify byproducts that are formed during the oxidation 

process with the use of ZVI for a remediation technology.  The byproducts should be examined 

further to find the extent of possible toxicity that could occur in the groundwater after treatment.  

Other means to further investigate this research is to determine the long term effects of 

remediation of the EDCs in groundwater by conducting column experiments.  The column tests 

could vary the zero-valent iron volume as well as vary the rate of water flowing through the 

column to mimic groundwater movement.  These effects could identify the best environment for 

zero-valent iron remediation for a long term treatment process as a permeable reactive barrier.   
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APPENDIX A 

CALIBRATION CURVES 

 

BISPHENOL A CALIBRATION CURVE 

 

Table A.1 BPA Raw Data for Calibration Curve 

BPA (ppm) Area Under Curve 

0.5 171552 

1 340508 

2 654419 

5 1542821 

10 2964589 

 

 

 
Figure A.1 BPA Calibration Curve 
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E2 CALIBRATION CURVE 

 

Table A.2 E2 Raw Data for Calibration Curve 

E2 (ppm) Area Under the Curve 

0.5 15466 

0.5 15517 

1 31536 

2 76934 

2 82301 

2 78373 

2 78192 

5 139689 

5 135786 

 

 

 
Figure A.2 E2 Calibration Curve 
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APPENDIX B 

BPA DEGRADATION CURVES  

 

EFFECTS OF ZVI IN COMBINED SOLUTIONS OF BPA 

 

 

Table B.1 BPA Raw Data for Volume to Mass Ratio of 2:1 in Combined Solutions. 

BPA 2:1 Ratio in Combined Solutions 

Hour Area  Under Curve Concentration (C/Co) 

0 345491 2.359041064 1 

1 12110 0.08268808 0.035052 

1 13788 0.094145602 0.039908 

6 10212 0.069728379 0.029558 

6 10963 0.074856269 0.031732 

6 12613 0.086122605 0.036507 

12 7928 0.054133038 0.022947 

12 7740 0.052849359 0.022403 

12 7912 0.054023789 0.022901 

24 3586 0.024485504 0.010379 

24 4925 0.033628306 0.014255 

24 3212 0.021931801 0.009297 

72 3069 0.020955385 0.008883 

72 2754 0.018804539 0.007971 

72 2645 0.018060278 0.007656 

168 1874 0.012795827 0.005424 

168 2230 0.015226624 0.006455 

168 1936 0.013219168 0.005604 
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Figure B.1 BPA Degradation Curve for Volume to Mass Ratio of 2:1 in Combined Solutions. 
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Table B.2 BPA Raw Data for Volume to Mass Ratio of 4:1 in Combined Solutions. 

BPA 4:1 Ratio in Combined Solutions 

Hour Area Under Curve Concentration C/Co 

0 345491 2.359041064 1 

1 11800 0.080571374 0.034154291 

1 10783 0.073627214 0.031210654 

1 6846 0.046745053 0.019815277 

6 7540 0.051483742 0.021824013 

6 8504 0.058066014 0.024614245 

6 7304 0.049872315 0.021140927 

12 6079 0.041507914 0.017595249 

12 8556 0.058421074 0.024764755 

12 7511 0.051285728 0.021740074 

24 5102 0.034836877 0.014767389 

24 4636 0.031654991 0.013418584 

72 4114 0.028090732 0.011907691 

72 4333 0.029586082 0.012541571 

72 4957 0.033846805 0.014347696 

168 2513 0.017158971 0.007273706 

168 7760 0.05298592 0.022460788 
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Figure B.2 BPA Degradation Curve for Volume to Mass Ratio of 4:1 in Combined Solutions. 
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Table B.3 BPA Raw Data for Volume to Mass Ratio of 8:1 in Combined Solutions. 

BPA 8:1 Ratio in Combined Solutions 

Hour Area Under Curve Concentration C/Co 

0 345491 2.359041064 1 

0 20905 0.142741065 0.060508088 

0 20082 0.137121554 0.058125971 

0 23083 0.157612629 0.06681216 

1 8005 0.054658801 0.023169923 

1 8877 0.060612889 0.025693868 

1 6286 0.042921327 0.018194396 

6 7787 0.053170279 0.022538937 

6 6423 0.043856774 0.018590933 

12 5070 0.034618378 0.014674767 

12 5113 0.034911986 0.014799228 

24 4979 0.033997023 0.014411374 

24 5009 0.034201865 0.014498207 

24 4832 0.032993295 0.013985893 

72 4752 0.032447048 0.013754338 

72 4900 0.033457604 0.014182714 

168 4598 0.031395524 0.013308596 

168 4692 0.032037363 0.013580672 

168 4620 0.031545741 0.013372273 
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Figure B.3 BPA Degradation Curve for Volume to Mass Ratio of 8:1 in Combined Solutions. 

 

 

 

 

 

 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0.03 

0 20 40 60 80 100 120 140 160 180 

C
/C

o
 (

p
p

m
) 

Time (hr) 

BPA Degrdation Curve 

8:1 Ratio (C/Co) 



66 
 

EFFECTS ON ZVI IN BPA SOLUTION ONLY 

 

Table B.4 BPA Raw Data for Volume to Mass Ratio of 2:1 in a Separate Solution. 

BPA 2:1 Ratio in a Separate Solution 

Hour Area Under Curve Concentration C/Co 

0 345491 2.359041064 1 

0 17041 0.116357355 0.049324 

0 16845 0.11501905 0.048757 

1 15355 0.104845207 0.044444 

1 14784 0.100946372 0.042791 

1 16710 0.114097259 0.048366 

12 11349 0.077491909 0.032849 

12 12842 0.087686236 0.03717 

12 9168 0.062599861 0.026536 

24 5126 0.035000751 0.014837 

24 5472 0.037363268 0.015838 

 

 

 
Figure B.4 BPA Degradation Curve for Volume to Mass Ratio of 2:1 in a Separate Solution. 
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Table B.5 BPA Raw Data for Volume to Mass Ratio of 4:1 in a Separate Solution. 

BPA 4:1 Ratio in a Separate Solution 

Hour Area Under Curve Concentration C/Co 

0 345491 2.359041064 1 

1 8752 0.059759378 0.025332 

1 8368 0.057137395 0.024221 

12 3904 0.026656834 0.0113 

12 4035 0.027551313 0.011679 

24 1746 0.011921832 0.005054 

24 1784 0.012181299 0.005164 

 

 

 

 
Figure B.5 BPA Degradation Curve for Volume to Mass Ratio of 4:1 in a Separate Solution. 
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Table B.6 BPA Raw Data for Volume to Mass Ratio of 8:1 in a Separate Solution. 

 

BPA 8:1 Ratio in a Separate Solution 

Hour Area Under Curve Concentration C/Co 

0 345491 2.359041064 1 

1 8461 0.057772406 0.02449 

1 9247 0.063139279 0.026765 

12 7626 0.052070957 0.022073 

12 6887 0.047025004 0.019934 

24 3496 0.023870977 0.010119 

24 2572 0.017561828 0.007444 

 

 

 

 
Figure B.6 BPA Degradation Curve for Volume to Mass Ratio of 8:1 in a Separate Solution. 
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APPENDIX C 

E2 DEGRADATION CURVES 

 

 

EFFECTS OF ZVI IN COMBINED SOLUTIONS 

Table C.1 E2 Raw Data for Volume to Mass Ratio of 2:1 in Combined Solutions. 

E2 2:1 Ratio in Combined Solutions 

Hour Area Under Curve Concentration (ppm) C/Co 

0 22785 1.741972477 1 

1 1149 0.087844037 0.050427913 

1 2250 0.172018349 0.098749177 

1 2003 0.153134557 0.087908712 

6 578 0.044189602 0.025367566 

6 1593 0.121788991 0.069914417 

6 2113 0.161544343 0.092736449 

12 1574 0.120336391 0.069080535 

12 1468 0.112232416 0.064428352 

12 1498 0.114525994 0.065745008 

24 1147 0.087691131 0.050340136 

24 1466 0.112079511 0.064340575 

24 859 0.065672783 0.037700241 

72 414 0.031651376 0.018169849 

72 342 0.026146789 0.015009875 

72 448 0.034250765 0.019662058 

168 499 0.038149847 0.021900373 

168 285 0.021788991 0.012508229 

168 370 0.028287462 0.016238754 
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Figure C.1 E2 Degradation Curve for Volume to Mass Ratio of 2:1 in Combined Solutions. 
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Table C.2 E2 Raw Data for Volume to Mass Ratio of 4:1 in Combined Solutions. 

E2 4:1 Ratio in Combined Solutions 

Hour Area Under Curve Concentration C/Co 

0 22785 1.741972477 1 

0 1312 0.10030581 0.057582 

1 1328 0.101529052 0.058284 

1 1014 0.077522936 0.044503 

6 668 0.051070336 0.029318 

6 835 0.06383792 0.036647 

6 925 0.070718654 0.040597 

12 669 0.051146789 0.029361 

12 777 0.05940367 0.034101 

24 527 0.04029052 0.023129 

24 564 0.043119266 0.024753 

24 614 0.046941896 0.026948 

72 508 0.03883792 0.022295 

72 419 0.032033639 0.018389 

72 615 0.047018349 0.026991 

168 355 0.027140673 0.01558 

168 302 0.023088685 0.013254 
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Figure C.2 E2 Degradation Curve for Volume to Mass Ratio of 4:1 in Combined Solutions. 
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Table C.3 E2 Raw Data for Volume to Mass Ratio of 8:1 in Combined Solutions. 

E2 8:1 Ratio in Combined Solutions 

Hour Area Under Curve Concentration C/Co 

0 22785 1.741972477 1 

1 1196 0.091437309 0.052491 

1 1183 0.090443425 0.05192 

1 1108 0.08470948 0.048628 

6 1027 0.07851682 0.045074 

6 964 0.073700306 0.042309 

12 915 0.069954128 0.040158 

12 769 0.058792049 0.03375 

24 609 0.046559633 0.026728 

24 620 0.047400612 0.027211 

24 666 0.050917431 0.02923 

72 529 0.040443425 0.023217 

72 484 0.037003058 0.021242 

168 421 0.032186544 0.018477 

168 434 0.033180428 0.019048 

168 240 0.018348624 0.010533 
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Figure C.3 E2 Degradation Curve for Volume to Mass Ratio of 8:1 in Combined Solutions. 
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EFFECTS ON ZVI IN E2 SOLUTION ONLY 

 

Table C.4 E2 Raw Data for Volume to Mass Ratio of 2:1 in a Separate Solution. 

E2 2:1 Ratio in Separate Solutions 

Hour Area Under Curve Concentration C/Co 

0 22785 1.741972477 1 

1 3688 0.281957187 0.161861 

1 4410 0.337155963 0.193548 

12 2026 0.154892966 0.088918 

12 1557 0.119036697 0.068334 

24 1010 0.077217125 0.044327 

24 1257 0.096100917 0.055168 

 

 

 

 
Figure C.4 E2 Degradation Curve for Volume to Mass Ratio of 2:1 in a Separate Solution. 
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Table C.5 E2 Raw Data for Volume to Mass Ratio of 4:1 in a Separate Solution. 

E2 4:1 Ratio in Separate Solutions 

Hour Area Under Curve Concentration C/Co 

0 22785 1.741972477 1 

1 1056 0.080733945 0.046346 

1 1018 0.077828746 0.044679 

12 638 0.048776758 0.028001 

12 575 0.043960245 0.025236 

24 332 0.025382263 0.014571 

24 437 0.033409786 0.019179 

 

 

 

 

Figure C.5 E2 Degradation Curve for Volume to Mass Ratio of 4:1 in a Separate Solution. 
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Table C.6 E2 Raw Data for Volume to Mass Ratio of 8:1 in a Separate Solution. 

E2 8:1 Ratio in Separate Solutions 

Hour Area Under Curve Concentration C/Co 

0 22785 1.741972477 1 

1 3648 0.278899083 0.160105 

1 2465 0.188455657 0.108185 

12 1472 0.112538226 0.064604 

12 1144 0.087461774 0.050208 

24 1115 0.085244648 0.048936 

24 762 0.058256881 0.033443 

 

 

 

 
Figure C.6 E2 Degradation Curve for Volume to Mass Ratio of 8:1 in a Separate Solution. 
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