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Abstract 

With advantages of high cation exchange capacity, swelling-shrinking property and large 

specific surface area, monmtorillonite is chosen as a carrier and modified with Fe3+ saturation for 

estrogen decontamination. 17β-Estradiol (βE2) has highest estrogenic activity among estrogens 

and is selected as representative compound. Rapid βE2 transformation in the presence of Fe3+-

saturated montmorillonite in aqueous system was observed and βE2 oligomers were the major βE2 

transformation products. About 98% of βE2 were transformed into oligomers which are >107 times 

less water-soluble than βE2 and therefore are much less bioavailable and mobile.  

Fe3+-saturated montmorillonite catalysis achieved highest βE2 removal efficiency at 

neutral solution pH and higher temperature. Common cations did not have impact on the reaction 

efficiency. Dissolved organic matter slightly reduced βE2 removal efficiency. Regardless of 

wastewater source, ~40% βE2 removal efficiency was achieved for wastewater effluents when 

they were exposed to same dosage of Fe3+-saturated montmorillonite as that for simple water 

systems which achieved ~83% removal efficiency. For real wastewater that contained higher 

organic matter, higher dosage of Fe3+-saturated montmorillonite would be needed to create 

available reaction sites for βE2.  

This thesis also reports that Fe3+-saturated montmorillonite effectively deactivate 

wastewater microorganisms. Microbial deactivation rate was 92±0.6% when secondary 

wastewater effluent was mixed with Fe3+-saturated montmorillonite at 35 mg/mL for 30 min, and 

further increased to 97±0.6% after 4-h exposure. Freeze-drying Fe3+-saturated montmorillonite 
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after each usage resulted in 82±0.5% microbial deactivation efficiency even after fourth 

consecutive use.  

For convenient application, Fe3+-saturated montmorillonite was further impregnated into 

filter paper through wet-end addition and formed uniformly impregnated paper. Scanning electron 

microscopy (SEM) imaging showed Fe3+-saturated montmorillonite was evenly dispersed over 

cellulose fiber surface. When filtering 50 mL and 200 mL water spiked with live Escherichia coli 

(E. coli) cells at 3.67×108 CFU/mL, Fe3+-saturated montmorillonite impregnated paper with 50% 

mineral weight loading deactivated E. coli with 99% and 77%, respectively. Dielectrophoresis and 

impedance analysis of filtrate confirmed that the deactivated E. coli passing through Fe3+-saturated 

montmorillonite paper did not have trapping response due to higher membrane permeability and 

conductivity. The results demonstrate feasibility of using Fe3+-saturated montmorillonite 

impregnated paper for convenient point-of-use drinking water disinfection. 
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General Audience Abstract  

In this thesis, Fe3+-saturated montmorillonite was produced in an eco-friendly way to serve 

as cost-effective material for both efficient estrogen removal and microbial deactivation from 

wastewater. 17β-Estradiol (βE2), a common estrogen compound, was quickly removed by Fe3+-

saturated montmorillonite and the transformation products could be easily settled down from 

wastewater and became less bioavailable. Fe3+-saturated montmorillonite also demonstrated 

durability over different environmental conditions in wastewater and still achieved satisfied βE2 

removal efficiency. Moreover, Fe3+-saturated montmorillonite could rapidly deactivate the 

microbes in wastewater effluent and can be promising wastewater disinfection method in the 

future. Fe3+-saturated montmorillonite immobilized filer paper was also produced and has great 

potential to be used as a cost-effective filtration purifier for safe drinking water. 
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Chapter 1. Introduction 

1.1 Background 

Over the past decades, there has been growing public concern on endocrine-disrupting 

chemicals (EDCs) that can produce adverse effects on human and wildlife by interacting with the 

endocrine system. Among EDCs, steroidal estrogens are of particular environmental concern 

because they are the most potent species with the lowest observed adverse effect levels (LOAEL, 

down to 10 ng/L) for aquatic organisms, which is orders of magnitude lower than other 

anthropogenic EDCs.1, 2 There are two important anthropogenic sources releasing estrogens into 

environment: concentrated animal feeding operations (CAFOs) and municipal wastewater 

treatment facilities. Estrogen loads from CAFOs have been considered as the major contributor, 

which is estimated to account for greater than 90% of the total estrogen hormones loading to the 

environment.3 When animal manure is applied on agricultural fields as nutrient source, the 

associated estrogen compounds can be transported to surface water and groundwater by runoff and 

leaching processes, especially for the areas with frequent and heavy rainfall events.4-7 Another 

important path for estrogens entering into the environment is the effluent discharge from 

wastewater treatment plants. Traditional methods of wastewater treatment, such as activated 

sludge treatment, cannot be used to effectively remove these estrogens compounds and they remain 

in effluent to be discharged into receiving aquatic environment,8, 9 contributing to feminization 

effect on the aquatic wildlife in the downstream of discharge point.10 Moreover, the detection of 

estrogens in source water and even finished water samples from drinking water utilities indicated 

potential public health risk of long-time exposure on estrogen contamination.11, 12 Estrone (E1), 

17β-estradiol (βE2), 17α-ethynylestradiol (EE2) and estriol (E3) are the main natural estrogens 
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which are commonly found in sewage treatment. These estrogens are all 18-C steroids with a 

phenol moiety which is responsible for their estrogenic activity.13 The βE2 shows the highest 

biological activity followed by EE2, E1 and E3. Currently, there are very limited resources 

evaluating processes for estrogen removal from the environment, hence effective treatments are 

needed for estrogens remediation.14 

Montmorillonite is the most prominent dioctahedral smectite group mineral found in soils. 

An ideal 1/2 unit cell formula for the mineral montmorillonite is Na0.4(Al1.6Mg0.4)Si4O10(OH)2.
15 

A representative structure of montmorillonite is illustrated in Figure 1.1. It is 2:1 type silicate clay 

that is characterized by one octahedral sheet sandwiched between two tetrahedral sheets. Due to 

isomorphous substitution, it generally has high permanent negative charge in the lattice layer. The 

negative permanent charges mainly derived from substitution of Al3+ with Mg2+ ions in the 

octahedral sheet.16 These permanent negative charges therefore account for the high cation 

exchange capacity and shrinking-swelling property of montmorillonite. The 2:1 layers are loosely 

held to adjacent layers by electrostatic interactions between negatively charged layers and 

interlayer cations (Figure 1.1). With relative low layer charge between 0.2 and 0.6 per 1/2-unit 

cell,15 montmorillonite interlayer surfaces are easily accessible to water molecules and 

significantly expands. When it re-dries, the swelling interlayer space collapses and shrinks upon 

dehydration, making its unique swelling and shrinking property responsive to environment 

moisture.17 The overall internal surface area (~550-650 m2/g) exposed between the layers far 

exceeds the external surface area (~80-150 m2/g) and contributes to over 80% of high total specific 

surface area of montmorillonite. 
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Figure 1.1 Model of two crystal layers and an interlayer characteristic of montmorillonite. 

 

With high cation exchange capacity (70-120 cmolc kg-1) and large specific surface area 

(∼700-800 m2/g), montmorillonite has been increasingly explored as the sorbent for heavy metal 

removal from aqueous systems. With its wide distribution in natural soil environment, the cost of 

montmorillonite sorbent is only around $0.04-0.12/kg, which is more inexpensive than other 

common sorbents such as activated carbon (price: $20-22/kg).18 Extensive studies have confirmed 

the technical feasibility of using montmorillonite sorbent to achieve excellent removal of toxic 

heavy metals from contaminated water.19, 20 Moreover, certain surfactants have been used to 

modify montmorillonite through cation exchange and replacement of interlayer cations with 

organic cationic compounds.21, 22 Studies shown that surfactant modified montmorillonite exhibits 

higher sorption capacity for organic contaminants.23 Surfactants intercalated into montmorillonite 

interlayer change surface properties from hydrophilic to hydrophobic, therefore greatly enhance 

hydrophobic organic compounds adsorption by dominant role of partition mechanism.24, 25  

Besides its excellent sorption capacity, montmorillonite can also provide active sites that 

allow various surface-catalyzed reactions for organic molecules to take place. The d-spacing of 

air-dry montmorillonite obtained by X-ray diffraction is 12.1 Å for Na-montmorillonite and 15.2 

Å for Ca-montmorillonite,26 after subtracting montmorillonite mineral thickness of 9.5 Å, the 



4 
 

 

interlayer spacing is approximate to 2.6-5.7 Å. Depending on the ionic strength of an aqueous 

solution and the type of interlayer cations, the interlayer spacing of montmorillonite can expand 

up to approximately 10 Å or even complete layer dispersion. The expanded montmorillonite 

interlayer provides accessible reaction sites that allow surface-catalyzed reactions for organic 

molecules.27-29  

Numerous studies have reported a variety of aromatic molecules transformation mediated 

by montmorillonite saturated with transition metal cations. With unfilled d orbitals of exchanging 

cations, Cu2+-montmorillonite or Fe3+-montmorillonite surface can rapidly transform triclosan, 

pentachlorophenol, and dioxin under mild reaction conditions at room temperature.30-34 During the 

reaction, the organic molecule donates an electron to the sorbed metal cations on montmorillonite 

surfaces and turn into an organic cation. This is followed by oxidative transformation and 

dimerization of the radicalized aromatic molecules. Moreover, successive polymerization in 

addition to dimerization of aromatic molecules through formed radical cations has also been 

observed.30, 31 After reduction of metal cations, the Cu+ and Fe2+ produced can be quickly oxidized 

back to Cu2+ and Fe3+ in aerobic conditions for further catalytic reactions. The radical coupling 

reaction between the metal cations and organic molecules has been extended to include phenol, 

chlorophenols, pentachlorophenol, chloroanisole, dioxin and chlorodioxins.35 For these reasons, 

Fe3+-saturated montmorillonite has been proposed as a promising catalyst for the polymerization 

of aromatic contaminants.30, 31, 33, 36 Rapid organic compound polymerization catalyzed by Fe3+-

saturated montmorillonite has also been reported in recent studies for pentachlorophenol, phenolic 

acids, and triclosan.30, 31, 33 Furthermore, strong complexation between aromatic molecules and the 

exchanged Fe3+ on montmorillonite surface could help contribute to enhanced electron transfer, 

oxidation, transformation, and polymerization of aromatics on the surface of Fe3+-saturated 
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montmorillonite.33 The large polymeric products during oxidative coupling reaction are generally 

biologically inactive with low aqueous solubility, and therefore can be easily settled from water or 

immobilized in soil.37, 38 Polymerization of organic contaminants is a potentially cost-effective 

means for their removal from wastewater. Overall, such montmorillonite-based system might be 

useful for decontaminating aromatic pollutants present in wastewater or superfund sites under mild 

reaction conditions.  

Some natural smectite clays have also been reported to possess antibacterial properties and 

used to treat bacterial infections in medicinal applications.39 These smectite clays show the 

beneficial effect on gastrointestinal illnesses and promoting rapid healing of wounds. The illness 

and wound healing property of smectite clays is attributed to its large surface area that allows 

sorption of toxins, metals, and oils from the skin or digestive tract.39, 40 Mineralogy and chemical 

composition analysis showed that the natural clays with antibacterial property are dominantly Fe-

smectites.41 Analysis of antibacterial natural clay leachates showed that relatively abundant 

exchangeable ions such as Fe3+, Co2+, Ni2+, Cu2+ and Zn2+ are present compared to non-

antibacterial clay leachate, linking these exchangeable cations to the antibacterial properties of 

those minerals.42 However, mechanism of how natural smectites sterilize bacteria has not yet been 

clearly identified. 43  

Recently, antibacterial transition metal ions have been proposed to intercalate into 

montmorillonite interlayer to further enhance its antibacterial properties. The synthesized Cu2+, 

Zn2+ and Ag+ exchanged montmorillonite have demonstrated effective antibacterial effects 

towards Escherichia coli and Staphylococcus aureus strain.44-47 Studies also showed that the 

released Cu2+ cations from montmorillonite surface is very low and the antibacterial properties 

mainly can be ascribed to the exchanged Cu2+ cations on the mineral surfaces. Also the close 



6 
 

 

association of bacteria with the modified montmorillonite surface is required to exert antibacterial 

activity.47 Modified antibacterial montmorillonite has the following advantages: 44  1) It is difficult 

for the free metal cations to contact with bacteria in water. Therefore, high cation concentrations 

in water must be used during application;45 2) The added metal cations could not be recycled after 

use and they are also often toxic to human health; 3) The large specific surface area and high cation 

exchange capacity of montmorillonite guarantee high sorption capacity of the desired cations onto 

interlayers that allow efficient and direct contact between bacteria and antibacterial cations when 

dispersed into water; 4) Montmorillonite is widely distributed in the natural environment, and the 

cation exchanged montmorillonite is easy to synthesize eco-friendly at low cost. Although Cu2+, 

Zn2+ and Ag+ exchanged montmorillonite have shown satisfactory antibacterial activity, the 

possible leaching of these toxic metal ions in water could possess potential threat to public health. 

Iron is an essential trace element for human and iron leaching would not affect the quality of 

drinking water. In this study, we therefore proposed to develop Fe3+-saturated montmorillonite as 

an alternative to disinfect water. To the best of our knowledge, this is the first study on antibacterial 

activity of Fe3+-saturated montmorillonite.  

Furthermore, when treating water, it is not practical and convenient for the end users to 

frequently centrifuge and separate metal cation exchanged montmorillonite from treated water 

after each use. Numerous researches have been conducted on developing immobilization method 

to efficiently attach antibacterial materials onto various supporting materials.48 Common 

supporting materials include polymer membranes, natural biopolymer fibers (cotton, wool and 

cellulose) and inorganic materials.49-52 Commonly used methods to incorporate the antibacterial 

materials with the supporting materials are surface deposition and incorporation within the 

matrix.48  
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Previous research has shown that cellulose paper has great advantages over other 

supporting materials. 53, 54 An ideal support should allow constant contact and interaction between 

the antimicrobial materials and bacteria and enable even distribution antimicrobial materials on 

the supporting materials.48 The porous structure and hydrophilic cellulose fiber allow paper to sorb 

nanoparticle suspension by capillary forces and produce high nanoparticle loading onto paper upon 

drying.54 With the advantages of high porosity, mechanical strength, high water absorbency and 

natural abundance, cellulose paper material has been used as support matrix.53-56 There are two 

main approaches to attach target nanomaterial onto a paper matrix: wet-end addition and surface 

treatment. While surface treatment merely coats the target nanomaterial over dry paper sheet 

surface, wet-end impregnation is made to permeate the paper fiber structure, which allows better 

contact and complete deposit of target particles onto individual fibers in three dimensions before 

paper sheet formation.57 There have been recent reports of successful incorporation of bactericidal 

agents (silver, copper nanoparticle, graphene) into paper matrix for effective point-of-use water 

disinfection treatment.55, 56, 58-60 

Hence, the overall goal of this thesis was to investigate the effectiveness and mechanisms 

of removal of estrogens and microorganisms from aqueous media representing wastewater or 

contaminated water using Fe3+-saturated montmorillonite. Detailed objectives and the associated 

hypothesis are: 

 

1.2 Objectives and Hypothesis. 

Objective 1. To characterize Fe3+-saturated montmorillonite catalyzed 17β-estradiol 

oligomerization reaction effectiveness, kinetics, mechanism, and pathway (Chapter 2).  
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Hypothesis. Fe3+-saturated montmorillonite can catalyze oxidative oligomerization of estrogens, 

resulting in transformation products that are less water soluble and bioavailable. 

 

Objective 2. To test the effectiveness of Fe3+-saturated montmorillonite in catalysis of βE2 

polymerization under different environmental relevant conditions and in secondary wastewater 

effluents (Chapter 3). 

Hypothesis. Fe3+-saturated montmorillonite can have stable performance over βE2 removal 

efficiency in simple water systems; However, the complicated wastewater matrices might have 

negative impact on the removal efficiency.  

 

Objective 3. To test the effectiveness of Fe3+-saturated montmorillonite for microbial deactivation 

in wastewater (Chapter 4). 

Hypothesis. Fe3+-saturated montmorillonite can achieve rapid and satisfactory microbial 

deactivation efficiency for wastewater sample and it can show durability after consecutive use. 

 

Objective 4. To construct Fe3+-saturated montmorillonite impregnated filter paper for effective 

deactivation of Escherichia coli (E. coli) in water (Chapter 5).  

Hypothesis. Fe3+-saturated montmorillonite can be uniformly immobilized over cellulose fiber 

matrix and E. coli bacteria in water can be quickly deactivated after it is filtered through the Fe3+-

saturated montmorillonite impregnated filter paper. 
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Chapter 2. Surface Catalyzed Oxidative Oligomerization of 

17β-estradiol by Fe3+-Saturated Montmorillonite 

(Published in Environmental Science & Technology)1 

  

Notes: The abstract figure is only for simple demonstration of possible reaction mechanism. Sizes 

of different components do not reflect their actual size levels for comparison. 

Abstract 

With wide spread detection of endocrine disrupting compounds including 

hormones in wastewater, there is a need to develop cost-effective remediation technologies 

for their removal from wastewater. Previous research has shown that Fe3+-saturated 

montmorillonite is effective in quickly transforming phenolic organic compounds such as 

pentachlorophenol, phenolic acids, and triclosan via surface-catalyzed oligomerization. 

However, little is known about its effectiveness and reaction mechanisms when reacting 

with hormones. In this study, the reaction kinetics of Fe3+-saturated montmorillonite 

catalyzed 17β-estradiol (βE2) transformation was investigated. The transformation 

products were identified using liquid chromatography coupled with mass spectrometry and 
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their structures were further confirmed using computational approach. Rapid βE2 

transformation in the presence of Fe3+-saturated montmorillonite in an aqueous system was 

detected. The disappearance of βE2 follows first-order kinetic while the overall catalytic 

reaction follows the second order kinetic with an estimated reaction rate constant of 200±24 

(mmol βE2/g mineral)–1h–1. The half life of βE2 in this system was estimated to be 

0.50±0.06 h. βE2 oligomers were found to be the major products of βE2 transformation 

when exposed to Fe3+-saturated montmorillonite. About 98% of βE2 were transformed into 

βE2 oligomers which are >107 times less water soluble than βE2 and, therefore, are much 

less bioavailable and mobile then βE2. The formed oligomers quickly settled from the 

aqueous phase and were not accumulated on the reaction sites of the interlayer surfaces of 

Fe3+-saturated montmorillonite, the major reason for the observed >84% βE2 removal 

efficiency even after five consecutive usages of the same of Fe3+-saturated 

montmorillonite.  The results from this study clearly demonstrated that Fe3+-saturated 

montmorillonite has a great potential to be used as a cost-effective material for effective 

removal of phenolic organic compounds from wastewater.  
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2.1 Introduction 

The prevalent worldwide detection of endocrine disrupting compounds (EDCs) in 

the aquatic environment2-5 as well as in drinking water6, 7 have caused increasing concerns 

about their adverse environmental impact. Natural estrogens including 17β-estradiol (βE2) 

are of particular environmental concern among EDCs because they can negatively affect 

certain aquatic organisms at a level as low as 10 ng/L, which is orders of magnitude lower 

than the lowest observed adverse effect levels (LOAEL) for other anthropogenic EDCs.8 

The adverse impact of estrogens on aquatic organisms includes fish egg production 

inhibition and sex reversal of males, which ultimately could result in the collapse of local 

fish populations.9-11 

Municipal wastewater treatment plants (WWTP) are one of the major sources 

contributing to elevated natural estrogens in the environment.12, 13 Research has 

demonstrated that existing wastewater treatment technologies are not effective at removing 

estrogens to levels below biological significance.14, 15 Significant effort has been made to 

develop wastewater treatment technologies capable of reducing levels of estrogens and 

other EDCs in treated wastewater to environmental insignificant levels before wastewater 

effluent is released into the environment.16-18 While treatment technologies utilizing 

granular activated carbon (GAC), ozonation, and chlorine dioxide have provided promising 

results for effective removal of estrogens from WWTP effluents,19 the application of those 

treatment technologies has been restricted by high cost of installation and maintenance.14 

Recent research has shown that Fe3+-saturated montmorillonite can rapidly 

transform phenolic organic compounds such as pentachlorophenol, phenolic acids, and 

triclosan via surface-catalyzed oligomerization.20-22 Compared to parent compounds, the 
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oligomerized compounds are much less water soluble and, therefore, less bioavailable or 

biologically active.23 Montmorillonite, a 2:1 layered aluminosilicate mineral that is widely 

distributed worldwide,24 has enormous potential as a platform for nano-scale surface 

catalyzed chemical reactions.25, 26 In aqueous environment, the interlayer cations of 

montmorillonite attract water, resulting in an expansion of the interlayer spacing to 

approximately 4-10 Å depending on the type of interlayer cations.27-29 This interlayer space 

is wide enough for small size organic molecules such as βE2 (12 Å × 6 Å × 4 Å, Table 2.1) 

to move into the interlayer space, and it also provides a large interlayer surface area that 

allows surface-catalyzed reactions for organic molecules. The mechanisms of 

montmorillonite surface catalyzed chemical reactions involve reduction of mineral 

interlayer cations such as Cu2+ and Fe3+ and oxidation of organic compounds resulting in 

organic compound radicals that are highly susceptible to further oligomerization and/or 

degradation reactions.30,31 The objective of this study was to investigate, using 

experimental and computational approaches, the transformation kinetics and pathways of 

βE2 transformation catalyzed by Fe3+-saturated montmorillonite. Because it has the highest 

estrogenic activity among estrogens, βE2 was selected as representative compound for this 

investigation.  
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Table 2.0.1 Estimated average dimension of E2 and its dimers and trimers * 

Compound Average dimension (Å) 

 L W H 

E2 12.2 5.6 3.8 

dimers 17.4 10.0 7.2 

trimers 19.6 14.6 8.8 

*Estimated using free software Jmol (http://jmol.sourceforge.net/download/). 

 

2.2 Materials and Methods 

2.2.1 Chemicals and Materials 

Estrone (E1) (≥99%) and 17β-estradiol (βE2) (≥98%) were purchased from Sigma-

Aldrich (St. Louis, MO). Ferric Chloride (hexahydrate, ≥97%), HPLC grade acetonitrile, 

ethyl acetate and acetone were purchased from Fisher Scientific (Fair Lawn, NJ). Na+-

montmorillonite (SWy-2, Crook County, Wyoming) was obtained from the Source Clays 

Repository of the Clay Minerals Society (Purdue University, West Lafayette, IN). The 

cation exchange capacity and theoretical external surface area of SWy-2 provided by the 

Clay Minerals Society were 76.4 cmolc/kg and 31.82 ± 0.22 m2/g, respectively. The 

ultrapure water used in this study was produced by Millipore Milli-Q water purification 

system (Milford, MA). 

2.2.2 Fe3+-saturated montmorillonite preparation 

Na+-montmorillonite (SWy-2) was fractionated to <2 μm clay-sized particles 

before Fe3+ saturation following the procedure in Arroyo et al.32 10 grams of <2 μm Na+-

montmorillonite was then mixed with 400 mL 0.1 M FeCl3 on a magnetic stir plate for 8 h 

before centrifugation at 4500 rpm for 20 min. The sediment was re-suspended in another 
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400 mL 0.1 M FeCl3. The above procedure was repeated six times in order to saturate the 

montmorillonite interlayer with Fe3+. The Fe3+-saturated montmorillonite was then 

repeatedly washed with 100 mL HPLC grade water followed by centrifugation at 4500 rpm 

for 20 min until no Cl- was detected in the supernatant with an AgNO3 test. Removal of Cl- 

from the system indicates the removal of other cations such as Na+ and Ca2+, which can 

compete with Fe3+ for the interlayer surface sites. The washed Fe3+-saturated 

montmorillonite was finally freeze-dried for future experiment use. More details for 

preparation of Fe3+-saturated montmorillonite can be found elsewhere.22 

2.2.3 Reaction of βE2 with Fe3+-saturated montmorillonite 

One hundred μL βE2 stock solution (βE2 dissolved in acetone at 1.36 mg/mL) was 

mixed with 50 mg Fe3+-saturated montmorillonite in 20 mL glass vials to produce an initial 

concentration of 0.01 mmol βE2/g of mineral. After complete evaporation of acetone, a 

carrier solvent, from glass vial under a fume hood, 1.5 ml ultrapure water was added into 

each glass vial and shaken in darkness at 25C on an incubator shaker at 120 rpm for up to 

10 days. The pH of Milli-Q water is measured as 6.3, which is close to the typical domestic 

wastewater before treatment (pH ranges from 6.5 to 8.5). Similar experimental procedure 

was conducted using Na+-montmorillonite. The same amount of βE2 was added to a 1.5 

mL FeCl3 solution which contained the same amount of Fe3+ as that in the Fe3+-saturated 

montmorillonite system (determined as 0.997 mmol Fe3+/g montmorillonite). There were 

triplicates per treatment. At given intervals, triplicate vials from each treatment were 

collected and the content of each vial was immediately analyzed for βE2 and its 

transformation products using the methods described below.  
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2.2.4 Extraction Method 

Upon termination of the reaction, each collected sample was centrifuged at 4000 

rpm for 30 min. The supernatant of each centrifuged sample was collected and filtered 

through a 0.2 µm Thermo PVDF filter before HPLC analysis for βE2 and E1. The 

remaining sediment of each sample was then freeze-dried for 15 min., mixed with 3 mL 

ethyl acetate, sonicated for 30 min., and then centrifuged at 4000 rpm for 30 min. One mL 

ethyl acetate extract of each sample was collected and then evaporated to dryness using a 

Vacuum Evaporator (RapidVap, Labconco) at 35°C. The dried residue was re-dissolved in 

1 mL acetonitrile and water (v/v, 40:60), filtered through a 0.2 µm Thermo PTFE filter 

before HPLC analysis for βE2 and LC/MS/MS analysis for E1. The amount of βE2 

transformed at the termination of the experiment was calculated by: 

βE2 added - (βE2 remained in the aqueous phase + βE2 remained in the sediment phase)  

2.2.5 HPLC analysis of βE2 

The βE2 in the aqueous phase and sediment extracts was quantified using a HPLC 

system coupled with a fluorescence detector (Agilent 1260 Infinity, Agilent Co., CA, 

USA). The analytical column was EC-C18 column (3.0 × 50 mm, 2.7 µm, Agilent 

Poroshell 120). The mobile phase consisted of acetonitrile/water (v/v, 60:40). The mobile 

phase flow rate was 0.5 mL/min. The column temperature was maintained at 30°C and the 

injection volume was 20 μL. βE2 was detected by the fluorescence detector at an excitation 

wavelength of 280 nm and an emission wavelength of 310 nm. The limit of detection 

(LOD) and the limit of quantification (LOQ) were determined as 10 ppb and 25 ppb, 

respectively. 
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2.2.6 Identification of βE2 transformation products 

Transformation products were not detected in the aqueous phase at the termination 

of experiment. The βE2 transformation products in the ethyl acetate extracts of the 

sediment phase were identified using a liquid chromatography-triple quadrupole mass 

spectrometer (6490 LC/QQQ, Agilent Co., CA, USA). Electron spray negative ionization 

mode was used. Total ionization chromatography was collected in the m/z range of 50-

1400.  The analytical column was Eclipse C18 column (3.0 × 50 mm, Agilent). The mobile 

phase gradient was programmed as: 0-6 min, 30% acetonitrile and 70% water; 6-22 min, 

60% acetonitrile and 40% water; 22-22.5 min, 80% acetonitrile and 20% water; 22.5-24.5 

min, 90% acetonitrile and 10% water; 24.5-25 min, 30% acetonitrile and 70% water. The 

mobile phase flow rate was 0.4 mL /min. The injection volume was 10 µL.  The column 

temperature was maintained at 40°C. The MS parameters were: probe capillary voltage at 

3.5 kV, sheath gas flow at 8 L/min, nebulizer pressure at 45 psi.  

2.2.7 Determination of Accurate Masses for βE2 Oligomer Products Using UPLC-

ESI-Q-TOF  

The accurate masses of transformation products were further confirmed using ultra 

performance liquid chromatography-quadrupole-time-of-flight mass spectrometry (UPLC-

Q-TOF, Waters Acquity I-class UPLC coupled with a Synapt G2-S High Definition Mass 

Spectrometer, Waters Corp., Milford, MA) in electron negative ionization mode. Sample 

separation was performed on a Waters Acquity I-class UPLC system (Waters, Corp., 

Milford, MA) equipped with a Acquity UPLC BEH column (C18, 1.7 μm, 2.1 x 50 mm, 

Waters, Corp., Milford, MA) maintained at 35.0° C. A binary solvent comprised of water 

(Spectrum Chemicals, New Brunswick, NJ) with 0.1% formic acid (Sigma, St. Louis, MO) 
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(A) and acetonitrile (Spectrum Chemicals, New Brunswick, NJ) (B). The mobile phase 

gradient was programmed as following: 0 -1 min 40% B, 1-8 min ramped to 95% B and 

hold at 95% B for 0.5 min, 8.5-10 min ramped down to 40% B and hold at 40% B for 

additional 0.5 min. The mobile phase flow rate was 0.2 ml/min. The injection volume was 

1 μL.  

The analytes were eluted to a Synapt G2-S mass spectrometer (Waters, Corp., 

Milford, MA) equipped with an electron spray ionization (ESI) probe with high resolution 

mode. The ions were collected in negative ionization mode. The source conditions were as 

follows: capillary voltage 2.5 kV, cone voltage 40V, source temperature 80°C, source 

offset 80.0, nebulizer gas 6.0 bar, desolvation temperature 150°C and cone and desolvation 

gas flows were 50 and 500 L/h, respectively. Data was collected in MSE mode which 

provided simultaneous collection of MS and MS/MS spectra.  The mass scan range was set 

from 50 to 1800 and the scan time was set to 0.2 seconds for both low (2) and high (10-45) 

collision energy scans. For accurate mass calibration of mass spectrometer, leucine-

enkephlan (Waters Corp., Milford, MA) at a concentration of 200 ng/ml was continually 

infused through the reference sprayer at 5 μL/min with a scan time of 0.1 seconds and a 

scan frequency of 20 sec.  

2.2.8 Computational Study 

All geometry optimizations for the βE2 monomer and all possible dimer and trimer 

species resulting from the catalyzed coupling reactions in Fe3+-saturated montmorillonite 

were carried out with the B3LYP density functional theory (DFT) method and the 6-31G* 

basis set as implemented in the Gaussian09 suite of programs. The relative energies of all 
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dimer and trimer isomers were used to evaluate the thermodynamic stability of all the 

possible βE2 transformation products. 

  

2.3 Results and Discussion 

2.3.1 Kinetics of Fe3+-saturated montmorillonite catalyzed βE2 transformation  

As shown in Figure 2.1, in the presence of Fe3+-saturated montmorillonite, βE2 

rapidly disappeared within the first two hours following first-order kinetic with an 

estimated overall second-order reaction rate constant of 200±24 (mmol βE2/g mineral)–1h–

1. The half life of βE2 in this system was estimated to be 0.50±0.06 h. Within the first two 

hours only 20% of initially added βE2 remained. Close to 100% of the initially added βE2 

was transformed on the 5th day. However, transformation of βE2 was much slower in the 

presence of Na+-montmorillonite comparing to the system containing Fe3+-saturated 

montmorillonite. Even after 10 days, about 82% of initially added βE2 still remained in the 

Na+-montmorillonite system. When βE2 was incubated with FeCl3 solution that contained 

the same amount of Fe3+ that was saturated in the montmorillonite system, close to 94% of 

initially added βE2 remained in the system after 10 days, indicating limited βE2 

transformation.  
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Figure 2.1 βE2 transformation kinetics in aqueous systems containing Fe3+-saturated 

montmorillonite,  Na+-montmorillonite, and 33.2 mM FeCl3 treatment.  The initial βE2 

concentration was 0.01 mmol βE2 /g of mineral. The amount of Fe3+ in the FeCl3 system was 

equivalent to amount of Fe3+ saturated on the montmorillonite.  

 

Previous studies had investigated reaction of aromatic compounds with transition 

metal cations (e.g., Fe3+, Cu2+) saturated montmorillonite.20, 21, 33-36 The results lead to the 

proposal that during the reaction, electrons were donated by the unsaturated organic 

compounds to the metal cations sorbed on the negatively charged interlayer surfaces of 

montmorillonite, resulting in formation of radical cations of aromatic molecules and 

reduced metal cations such as Fe2+, Cu+, which can be oxidized back to Fe3+, Cu2+ in 

aerobic conditions.33, 35, 37 The formed organic radicals are not stable and can be further 

degraded33 or oligomerized.34, 38 
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The observed rapid βE2 transformation in the Fe3+-saturated montmorillonite 

system (Figure 2.1) suggests redox reactions between βE2 and Fe3+, similar to the 

mechanism proposed by previous studies.21, 22 Because the lone pair electrons on the 

phenolic functional group and the benzene ring π cloud of βE2 structure are conjugated, 

the phenolic functional group is prone to undergo an electron-transfer reaction with Fe3+ to 

form a free βE2 radical. The unpaired electron of the resulting βE2 radical may delocalize 

through resonance to the respective conjugated positions of the neighboring benzene ring. 

The data shown in Figure 2.1 further demonstrated that the redox reaction is mainly 

facilitated and enhanced by mineral surface chemistry based on the fact that less than 6% 

of βE2 was removed in the Na+-montmorillonite aqueous system as well as in the FeCl3 

solution, where Fe3+ was not sorbed to montmorillonite surfaces in both systems. 

Although Na+-montmorillonite naturally contains structural Fe(III) evenly 

distributed in the octahedral layers of the mineral at a concentration of approximately 0.61 

mmol Fe(III)/g mineral,39 the inaccessibility of the Fe(III) trapped in the octahedral layer 

and lack of surface reaction sites with Fe3+ contributed to the limited and slow βE2 

transformation in the Na+-montmorillonite system (Figure 2.1). Microbial contribution to 

the βE2 transformation in the Na+-montmorillonite system, although expected to be low, 

cannot be excluded without additional microbial activity characterization.  In the FeCl3 

solution, the phenolic group of βE2 interact with Fe3+ via outer sphere complexation,20 

resulting in limited electron transfer from βE2 to Fe3+ because of the aqueous layer around 

Fe3+. In the Fe3+-saturated montmorillonite system, the planar negatively charged 

montmorillonite interlayer surfaces catalyze the oxidative transformation of βE2 by surface 

sorbed Fe3+, most likely via enhancement of precursor inner sphere complexation of the 
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organic reductant and the metal oxidant and the associated electron transfer within a 

precursor complex,40 resulting in the formation of βE2 radicals and their further 

transformation.  

2.3.2 βE2 transformation products-experimental observation 

The products formed during Fe3+-saturated montmorillonite mediated βE2 

transformation were characterized using LC/MS. The LC/triple quadruple MS extracted 

ion chromatograms of a sample collected 5 days after βE2 was incubated with Fe3+-

saturated montmorillonite are shown in Figure 2.2. In addition to parent compound βE2 

([M-H]-, m/z = 271), peaks with m/z = 269, 541, 811, and 1081 were observed (Figure 2.2). 

The appearance of peak with m/z = 269 indicates the formation of deprotonated E1 ([M-

H]-) during βE2 transformation. The five peaks (D1-D5) with retention time of 4.12, 4.87, 

5.36, 5.60, and 7.06 min each has m/z = 541, suggesting formation of βE2 dimers with 

molecular weight of 542 (βE2×2-2H=542). The three peaks (T1-T3) clustered between 6.50 

and 7.50 min in Figure 2.2 each has m/z = 811, indicating formation of βE2 trimers with 

molecular weight of 812 (βE2×3-4H=812). The broad peak appears at retention time of 

11.50 min has m/z = 1081, suggesting molecular mass of 1082, which corresponds to βE2 

tetramer (272×4-6H=1082). Table 2.2 shows a close match between the theoretical 

molecular mass of the proposed βE2 transformation products and those detected using a 

UPLC-ESI-Q-TOF. 
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Figure 2.2 LC/MS extracted ion chromatograms of compounds in a sample collected 5 days 

after βE2 was incubated with Fe3+-saturated montmorillonite. 
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Table 2.2 Accurate mass measurement of βE2 transformation products in Fe3+-saturated 

montmorillonite system. 

Products* 

Retention Time 

(min) 

Formula 

Molecular Mass (u) 

Experimental# Theoretical 

βE2 2.597 C18H24O2 272.21 272.38 

E1 3.238 C18H22O2 270.21 270.16 

βE2 

Dimers 

D1 4.119 

C36H46O4 542.3386 542.3396 

D2 4.873 

D3 5.358 

D4 5.604 

D5 7.059 

βE2 

Trimers 

T1 6.828 

C54H68O6 812.5013 812.5016 T2 7.067 

T3 7.261 

Tetramer 11.544 C72H90O8 1082.6660 1082.6636 

*peaks are shown in Figure 2.2. 

#mass spectra are shown in Figures 2.3, S2.4, and S2.5. 
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Figure 2.3 UPLC-ESI-Q-TOF extracted negative ion mass spectrum for βE2 dimer (D1, 

Figure 2.2). The mass spectra for all the other dimers are similar to this one. 

  

Dimer [M-H]-,  
M = 541.3308+ 1.0078  
     = 542.3386 u 

Dimer adducts [M+M-H]- 
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Figure 2.4 UPLC-ESI-Q-TOF extracted negative ion mass spectrum for βE2 trimer (T1, 

Figure 2.2). The mass spectra for all the other timers are similar to this one. 

 

 

Figure 2.5 UPLC-ESI-Q-TOF extracted negative ion mass spectrum for βE2 tetramer 

(Figure 2.2) 

 

As shown in Figure 2.6, in the Fe3+-saturated montmorillonite system the 

production of E1 rapidly increased initially, reached to peak level after 0.5 h, and then 

disappeared from the system at day 5. Compared to the amount of βE2 initially added to 

the system, only a small fraction of E1 was produced, with a maximum mole ratio of E1/E2 

at 0.99±0.20% after 0.5 hours of reaction when the E1 level reached to its maximum. 

Trimer [M-H]-,  
M = 811.4935+ 1.0078  
     = 812.5013 u 

Tetramer [M-H]-,  
M = 1081.6582+ 1.0078  
     = 1082.6660 u 
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Previous researches have shown that E1 produced by oxidation of βE2 can be quickly 

converted back to βE2 via reduction.41, 42 It is possible that oxidation of the Fe2+ produced 

from Fe3+-E2 redox reaction quickly reduced E1 back to βE2.  

 

Figure 2.6 Formation kinetics of E1 during βE2 reaction with Fe3+-saturated 

montmorillonite. The initial βE2 concentration was 0.01 mmol βE2 /g of mineral. 
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quantified. As shown in Figure 2.7, the sum of five dimer peak areas, an indicator of 

detected level of all five dimers in the ethyl acetate extract of sediment phase, increased 

rapidly and reached the maximum within the first hour of reaction. The total peak area of 

all five dimers decreased after 2 hours and remained unchanged up to 5 hours. Its level 
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went back up slightly at 12 hour followed by a steady decrease thereafter, but remained 

detectable at 10 days. Similar trend was observed for the peak area sum of the three trimers 

for the first 12 hours of reaction, however, its level remained constant between 12 hours 

and 5 days of reaction. After 10 days of reaction, the peak sum of trimers decreased slightly 

but also remained detectable (Figure 2.7). The peak area ratio of ethyl acetate extractable 

dimers and trimers decreased sharply from around 65 at 0.5 h to 24 at 1 h, and slowly 

decreased thereafter to around 11 after 5 days of reaction, and remained unchanged until 

day 10 (Figure 2.7). This observation suggests that after βE2 dimers were formed initially 

some of them were further transformed to trimers, while some of the trimers were further 

transformed into other products, resulting in relatively steady dimer/trimer peak area ratio 

at longer reaction time. The observation of tetramer production (Figure 2.2, Table 2.2) 

confirms that some trimers were further transformed into tetramers. It is suspected that the 

low detectable level of ethyl acetate extractable tetramers, as reflected in the small peak 

area of the broad tetramer peak shown in Figure 2.2, was mostly due to decreased solvent 

solubility/extractability with increased chain length of oligomers.  
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Figure 2.7 Formation kinetics of dimers and trimers during βE2 reaction with Fe3+-saturated 

montmorillonite. The initial βE2 concentration was 0.01 mmol βE2 /g of mineral. 
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As shown in Table 2.4, the calculated water solubility of βE2 dimers, trimers, and 

tetramers are about 1.6×102, 1.7×105, and 2.3×107 times, respectively, lower than that for 

βE2 (23.7 mg/L). It is most likely that the oligomers were settled with the mineral phase 

once formed during the reaction and were too insoluble to be extracted by any solvents, 

resulting in their no-detection on LC/MS. To test this hypothesis, the organic C content in 

the sediment after 5 days of reaction between βE2 and Fe3+-saturated montmorillonite was 

determined. The amount of organic C detected in the 5-day sediment samples was on 

average about 98.1% of that in the βE2 initially added to the system. As shown in Figure 

2.1, about 99.7% of initially added βE2 was transformed at day 5, suggesting most of the 

βE2 transformation products were settled with the mineral phase, most like as highly 

insoluble βE2 oligomers. The X-ray diffraction (XRD) data in Table 2.3 shows that the 

difference between the interlayer spacing of freeze-dried sediment collected from βE2 + 

Fe3+-saturated montmorillonite system after 5-day reaction was only 0.3 Å larger than that 

of freeze dried sediment from the Fe3+-saturated montmorillonite only system. Considering 

that the average dimensions of dimers and trimers are 17 Å × 10 Å × 7 Å and 20 Å × 15 Å 

× 9 Å, respectively (Table 2.1) and even larger dimensions for higher oligomers, it is 

unlikely that the formed oligomers are trapped in between the interlayer spacing of Fe3+-

saturated montmorillonite. Instead, the XRD data suggests the possibility that the βE2 

oligomers formed at the interlayer spacing of Fe3+-saturated montmorillonite can be easily 

separated from the mineral surfaces during extraction and settled on their own with the 

mineral sediment. 
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Table 2.3 X-Ray Diffraction (XRD) analysis of freeze-dried sediment phase of samples after 

5 days of reaction. 

Sample d001(Å) 

Fe3+-saturated montmorillonite 13.43±0.13 

βE2 + Fe3+-saturated montmorillonite 13.73± 0.19 

Na+-montmorillonite 12.44±0.04 

 

Table 2.4 Calculated water solubility of βE2 and its oligomers. 

Compound Average water solubility (mg/L)* 

βE2 23.7 

Dimer 0.15 

Trimer 1.38×10-4 

Tetramer 1.03×10-6 

* Calculated using online software: ALOGPS 2.1 (http://www.vcclab.org/lab/alogps/) 

2.3.3 βE2 transformation products-computational characterization 

The LC/MS results demonstrated that the molecular mass of detected βE2 oligomer 

products followed the pattern of nM - 2(n - 1) (Table 2.2), where n is the number of 

coupling βE2 monomer and M is the molecular mass of βE2. Such pattern often indicates 

radical coupling reactions, where a dimer is formed by covalent bonding of two parent 

monomers with elimination of two hydrogen atoms.23 The dimers could further undergo 

coupling reactions and yield larger oligomers.23, 43, 44 To further identify possible structures 

of βE2 dimers and trimers, relative thermodynamic stability of βE2 dimer and trimer 

products were computed using electronic structure calculations (Table 2.5). Because the 

number of possible isomers for the association of four or more βE2 radicals grows 

intractably large, computational exploration of oligomers other than dimers and trimers 

was not approached. Based on the spin and charge density computational results published 
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by Mao et al.,45 possible coupling products were predicted and the relative energy of each 

coupling products was calculated. The computational results suggested that βE2 dimers 

were most likely formed by the bond coupling of unsubstituted O1, C3, and C7 on the 

phenolic ring of a βE2 radical with those on the second βE2 to form eight dimer conformers 

as listed in Table 2.5. The computer-optimized relative energy for the eight dimer 

conformers listed in Table 2.5 shows that 7-3’, 3-7’, and 3-3’ dimer coupling species have 

similar relative energies and the highest thermodynamic stability, indicating their highest 

possibility of formation compared to other species during the reaction.  Compared to the 

relative energies of the three most likely formed dimer species, the relative energy of 1-3’, 

7-7’, and 1-7’ dimer coupling species increased by 1.5, 3.3, and 4.9 kcal/mol, respectively. 

The relative energies for the 3-1’ and 7-1’ dimer coupling species are similar and both are 

slightly higher than that for the 1-7’ dimer. The ranking of the calculated relative energy 

of the dimer species (Table 2.5) suggests the formation possibility of dimer coupling 

species as: 7-3’ ≈ 3-7’ ≈ 3-3’ > 1-3’ > 7-7’ > 1-7’ > 3-1’ ≈ 7-1’. Dimer conformers with 7-

3’, 3-7’, 3-3’, 1-3’, and 7-7’ bond couplings were also observed by NMR for oxidative 

coupling reactions of βE2 in laccase or peroxidase/H2O2 systems.46, 47  
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Table 2.5 Relative molecular energy for βE2 dimers and trimers 

 Example of molecular structure of parent 

compounds 

Bonding 

positions 

Relative energy* 

(kcal/mol) 

Dimers 

 

7-3’ 0.0 

3-7’ 0.2 

3-3’ 0.6 

1-3’ 2.1 

7-7’ 3.9 

1-7’ 5.5 

3-1’ 5.9 

7-1’ 6.0 

Trimers 

7-3’, 3-3’’ 0.0 

3-3’, 7-7’’ 1.0 

7-3’, 3-7’’ 3.1 

7-7’, 3-3’’ 3.2 
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3-3’, 7-3’’ 3.6 

*Relative energy referred to the lowest energy of a compound within the same oligomer 

series. 

 

Computational results showed that a βE2 trimer was slightly more likely formed by 

coupling reaction of a βE2 dimer radical to a neutral βE2 molecule rather than coupling 

reaction between an βE2 radical and a neutral βE2 dimer because the relative energy of 

former reaction is on average 1.8 kcal/mol lower than that of the later reaction scenario. 

Table 2.5 lists five trimer conformers with the lowest relative energies among all possible 

trimer products. The formation possibility of trimer coupling species are: (7-3’, 3-3’’) > 

(3-3’, 7-7’’) > (7-3’, 3-7’’) ≈ (7-7’, 3-3’’) ≈ (3-3’, 7-3’’). Figure 2.8 and 2.9 illustrate the 

optimized molecular structures of dimers and trimers listed in Table 2.5. 
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                              7-3’                                                                          3-7’ 

 
                         3-3’                                                                        1-3’ 

 

  
                           7-7’                                                                          1-7’ 

  
                            3-1’                                                                           7-1’  

 

Figure 2.8 Molecular structure of E2 dimer conformers. (C atom: brown; H atom: white; 

and O atom: red). The 3-D structures were displayed using free software Jmol 

(http://jmol.sourceforge.net/download/). The coordinates of each structure is provided in 

Appendix Table S1. 
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                                        7-3’, 3-3’’                                               3-3’, 7-7’’ 

 

 
                                      7-3’, 3-7’’                                                 7-7’, 3-3’’ 

 

 
                             3-3’, 7-3’’ 

 

Figure 2.9 Molecular structure of βE2 trimer conformers. (C atom: brown; H atom: white; 

and O atom: red). The 3-D structures were displayed using free software Jmol 

(http://jmol.sourceforge.net/download/). The coordinates of each structure is provided in 

Appendix Table S1. 
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The experimental data of this paper suggest that βE2 oligomers are the major 

products of reaction between βE2 and Fe3+-saturated montmorillonite in an aqueous 

system. The βE2 oligomerization is catalyzed by the Fe3+ sorbed on montmorillonite 

interlayer surfaces, producing highly insoluble βE2 oligomers. Using the relative 

thermodynamic stability predicted by electronic structure calculations, a schematic of the 

plausible reaction pathways is shown in Figure 2.10.  
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Figure 2.10 Proposed reaction pathways for Fe3+-saturated montmorillonite catalyzed βE2 

oligomerization. 
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2.4 Environmental Implication  

This study provided, for the first time, experimental evidence that ~98% of βE2 

was transformed into highly water insoluble oligomers in an aqueous system containing 

Fe3+-saturated montmorillonite and at pH level that is similar to the pH range (6.5 to 8.5) 

of typical domestic wastewater. With an estimated reaction rate constant of ~200 (mmol 

E2/g mineral)–1h–1 and a half-life of ~0.50 h, Fe3+-saturated montmorillonite can potentially 

be used for removal of βE2 and other hormones during wastewater treatment processes. 

The βE2 oligomers, which are >107 times less water soluble than βE2 (Table 2.4), can be 

settled out of the aqueous phase during wastewater treatment processes and become much 

less bioavailable and mobile than the parent compound. Previous research has shown that 

triclosan dimers and trimers formed in the presence of Fe3+-saturated montmorillonite 

exhibited high chemical stability in highly oxidative and reductive conditions,48 implying 

that other oligomers formed in similar reactions could potentially be stable under natural 

environment conditions. 

In addition, because oligomers are not accumulated over the reaction sites on the 

interlayer surfaces of Fe3+-saturated montmorillonite, it is possible for the oligomerization 

reaction at the reaction sites to occur repeatedly, resulting in extended effectiveness of Fe3+-

saturated montmorillonite for removal of contaminants from wastewater. As shown in 

Figure 2.11, even after five consecutive 5-day reaction cycles using the same Fe3+-saturated 

montmorillonite and the same initial level of βE2 at each cycle, the βE2 removal efficiency 

remained at >84%.  
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Figure 2.11 βE2 removal efficiency of consecutive 5-day reaction cycles using the same Fe3+-

saturated montmorillonite. The concentration of βE2 at the beginning of each reaction cycle 

was 0.01 mmol βE2 /g of mineral. 

It is important to point out that βE2 concentration much higher than that detected 

in typical WWTP effluents was used for this study because the focus of this study was to 

assess the capacity of the Fe3+-saturated montmorillonite to polymerize βE2 and to 

understand the reaction pathways. Investigation on the concentration dependence of this 

reaction is important and would warrant a separate study. Our previous investigation on 

Fe3+-saturated montmorillonite catalyzed polymerization of triclosan (TCS) demonstrated 

inverse correlation between TCS half-life and initial TCS concentration.22 Reduction of 30 

times in initial TCS concentration resulted in 400% reduction in TCS half life. Similar 

inverse correlation between reaction rate and initial concentration is, therefore, expected 
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for Fe3+-saturated montmorillonite catalyzed polymerization of βE2. The half life of E2 in 

the current study using high initial E2 concentration was about 0.5 hours. Its half life is 

expected to be much shorter than 0.5 hours at lower initial E2 concentrations based on the 

result from our previous investigation.22 However, even 0.5 hour is well within the 1-5 day 

hydraulic retention time in typical secondary wastewater treatment plants.49  

In summary, because montmorillonite is a widely distributed mineral worldwide, 

the preparation of Fe3+-saturated montmorillonite is straightforward and low cost, and Fe3+-

saturated montmorillonite has fast removal rate, high removal efficiency, and repeated 

usage, it has a great potential as a cost effective material for effective removal of phenolic 

organic compounds from domestic wastewater as well as animal lagoon effluent. 
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Chapter 3. Removal of 17β-estradiol from Wastewater Using 

Fe3+-Saturated Montmorillonite 

(To be submitted to Science of the Total Environment) 

Abstract 

Among endocrine-disrupting chemicals, steroidal estrogens are of particular environmental 

concern due to their disruptive effect on biological functions of humans and animals even at 

extremely low concentrations. Effluent discharge from wastewater treatment plants is a significant 

source for estrogens entering into the environment, resulting in their frequent detection in surface 

water. Estrogens cannot be completely removed by conventional wastewater treatment processes 

and remain in effluent discharged into receiving aquatic environment, contributing to feminization 

effect on the aquatic wildlife in the downstream of discharge point. Our previous study has shown 

that 17β-estradiol (βE2) can be rapidly removed from pure water due to its polymerization 

catalyzed by Fe3+-saturated montmorillonite. It is unknown if Fe3+-saturated montmorillonite can 

also effectively polymerize βE2 in water with other matrices or real world wastewater effluents 

with complex matrices. Therefore, the effects of dissolved organic matter, pH, temperature, and 

common cations on Fe3+-saturated montmorillonite catalyzed βE2 polymerization were 

investigated in this study. Results showed that Fe3+-saturated montmorillonite catalysis achieved 

highest βE2 removal efficiency at neutral solution pH and higher temperature. Common cations 

did not have impact on the reaction efficiency. The presence of dissolved organic matter in model 

water system slightly reduced βE2 removal efficiency. The βE2 removal efficiency was also tested 
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for wastewater secondary effluents from three wastewater treatment plants. Regardless of the 

source of wastewater, ~40% βE2 removal efficiency was achieved for the wastewater effluents, 

when they were exposed to the same dosage of Fe3+-saturated montmorillonite as that for the 

simple pure water systems, which achieved ~83% removal efficiency. Because of matrix 

interferences, especially from dissolved organic matter (DOM) in real world wastewater effluents, 

higher dosage of Fe3+-saturated montmorillonite would be needed to create more available reaction 

sites for βE2. The finding from this study demonstrated that Fe3+-saturated montmorillonite is a 

promising low cost material for effective removal of phenolic estrogen compounds from domestic 

wastewater effluents. 

 

3.1. Introduction 

Endocrine-disrupting chemicals (EDCs) have been frequently detected in the natural 

environment, wastewater effluents, and even drinking water systems 1-3. This results in an 

increasing public concern due to their negative impacts on endocrine systems of humans and other 

organisms 4, 5. Natural estrogens are EDCs that can cause adverse physiological and development 

effects even at levels as low as 10 ng/L (parts per trillion, ppt) 6. Concentrated animal feeding 

facilities, animal manure land application, and municipal wastewater treatment plants (WWTPs) 

are major sources contributing to elevated estrogens occurrence in the environment 2, 7, 8. 

Conventional WWTP treatment processes are not designed for removal of estrogens below its 

biological significance levels 9, 10. The residual estrogens in discharged WWTP effluents have 

already been found to cause physiological changes in certain aquatic organisms, resulting in 

potential adverse impact on the ecological heath of receiving surface water 11-13. Current effort in 

developing new wastewater treatment approaches for further enhancing estrogen removal 
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efficiency has largely relied on activated carbon, chlorination, ozonation, ultraviolet irradiation 

and membrane separation 2, 14. Although some of the recently developed treatment technologies 

have exhibited significantly enhanced EDC removal efficiencies 15, the cost for installation, 

operation, and maintenance could be a key factor that prevents some communities from adopting 

the new technologies 9.  

Recently, utilization of the oxidative coupling processes catalyzed by minerals 16-19 or 

enzymes 20-22 has been proposed as an alternative effective removal approach for many EDCs that 

have aromatic structure or contain phenolic functional groups. However, one major disadvantage 

of enzymatic approach for EDC removal is that enzymes are easily subjected to inactivation in 

wastewater matrix 23, making the approaches of using minerals for wastewater treatment more 

practical. Among the minerals that have been tested for EDC removal from water 24-26, Fe3+-

saturated montmorillonite has exhibited potential for fast removal rates and high removal 

efficiencies for EDCs such as triclosan and βE2 without any extra energy consumption 27, 28. It was 

also shown to be stable in aqueous systems and can be reusable.  

Because of its high specific surface area, high cation exchange capacity, and shrinking- 

swelling properties, montmorillonite (a 2:1 layer aluminosilicate mineral) can be used as a 

platform for many nanoscale surface catalyzed organic chemical reactions 27-30. The 

montmorillonite surface catalyzed organic chemical reactions involve reduction of the interlayer 

transitional metal ions such as Cu2+ and Fe3+ coupled with oxidation of organic compounds, 

resulting in organic compound radicals that are highly susceptible to further oligomerization and/or 

degradation reactions 17, 27, 28, 31. The formed oligomers have water solubility of 102 - 107 times 

lower than that of the parent compound, and thus significantly lowered bioavailability favoring 

their separation and removal from the aqueous phase 27, 28. 
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It is important to point out that, studies up to date on mineral-catalyzed EDC removal have 

largely been conducted in simple model systems using pure water as aqueous medium with a major 

focus on the proof of concept feasibility test and understanding the reaction mechanisms and 

pathways. It is unknown if the mineral-catalyzed EDC removal is also applicable to more 

complexed real world wastewater. It is therefore important to learn the impact of different 

environmental conditions such as temperature, pH, common cations, and dissolved organic matter 

on the mineral-catalyzed EDC removal reactions. For this study, the effects of above listed 

environmental factors on the effectiveness of Fe3+-saturated montmorillonite-catalyzed removal of 

βE2 from water were investigated. The Fe3+-saturated montmorillonite was also used to treat a 

local WWTP effluent water that contain βE2. 

 

3.2 Materials and methods 

3.2.1 Chemicals and Materials  

17β-estradiol (βE2) (≥98%) and humic acid sodium salt (technical grade) were purchased 

from Sigma-Aldrich (St. Louis, MO). Ferric chloride (hexahydrate, ≥97%), sodium chloride 

(≥99%), calcium chloride (≥99%), HPLC grade acetonitrile, methanol, and ethyl acetate were 

purchased from Fisher Scientific (Fair Lawn, NJ). Na+-montmorillonite (SWy-2, Crook County, 

Wyoming) was obtained from the Source Clays Repository of the Clay Minerals Society (Purdue 

University, West Lafayette, IN). The ultrapure water used in this study was produced by a 

Millipore Milli-Q water purification system (Milford, MA). The Fe3+-saturated montmorillonite 

was prepared by cation exchange with FeCl3 using a procedure described in detail in our previous 

work 28.  
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3.2.2 Experimental setup  

In a 20 mL glass vial, 25 μL of βE2 stock solution (600 µg/mL in methanol) was mixed 

with 1.5 mL ultrapure water to reach 10 µg/mL before 15 mg of Fe3+-saturated montmorillonite or 

Na+-montmorillonite was added. The Na+-montmorillonite was used as control treatment. 

Immediately after the mixtures of βE2 and Fe3+-saturated montmorillonite or Na+-montmorillonite 

were prepared, the following listed additional treatments were conducted to test the impact of pH, 

dissolved organic matter, common cations, and temperature on the effectiveness of Fe3+-saturated 

montmorillonite-catalyzed removal of βE2 from water. For the treatments that examined the pH 

effect, 0.1 M NaOH or 0.1 M HCl were used to adjust the initial pH of the aqueous solution to pH 

3, 6, and 9 before adding Fe3+-saturated montmorillonite to start the reaction. Those covered 

typical pH levels for most domestic and industrial wastewater 32, 33. No buffer was used for pH 

adjustment to avoid potential reactions between buffer chemicals and Fe3+-saturated 

montmorillonite. Humic acid was added to an above prepared 20 mL glass vial containing βE2 

and Fe3+-saturated montmorillonite or Na+-montmorillonite to achieve a final organic carbon 

content at 15 mg/L, a level within the concentration ranges of dissolved organic carbon in 

wastewater secondary effluents 34. Similarly appropriate amount of CaCl2 or NaCl was added to 

the above prepared 20 mL glass vial to reach final Ca2+ or Na+ concentration at 10 mM, a 

representative level in wastewater secondary effluents 35. This was to test the effect of cations 

commonly detected in wastewater effluents on the βE2 removal in the presence of Fe3+-saturated 

montmorillonite. For the treatments testing the impact of environmental temperature on the βE2 

removal efficiency, the prepared mixtures of βE2 and Fe3+-saturated montmorillonite or Na+-

montmorillonite were subject to 10°C, 25°C, and 40°C, which covered common ambient 

temperatures for WWTPs 36, 37.  
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The sample vials with different pH, dissolved organic matter, and common cation 

treatments were then shaken at 25 °C, while the vials designated for the temperature effect tests 

were shaken at the targeted temperatures. All samples were shaken in darkness on an incubator 

shaker for 30 min at 150 rpm before centrifugation at 4000 rpm for 1 min to separate the aqueous 

phase and the mineral phase. The amounts of βE2 remaining in the aqueous phase and the mineral 

phase were immediately processed and analyzed using the methods described in section 3.2.3. 

There were triplicates for each treatment.   

Secondary wastewater effluents collected from three different municipal WWTPs were 

used to test the effectiveness of Fe3+-saturated montmorillonite-catalyzed removal of βE2 from 

real wastewater samples with much more complex matrices than that of simple DI water systems. 

Activated sludge process is used as secondary treatment process in all three WWTPs. Secondary 

effluent samples from those WWTPs were collected, immediately stored in coolers packed with 

ice, and transported within a couple of hours back to the lab. Once in the lab, the collected water 

samples were immediately filtered through glass fiber membrane filters (1.6 μm pore size, Fisher 

Scientific, Fair Lawn, NJ) to remove particulates and suspended solids and then stored at -20°C 

prior to use. 

In a 20 mL glass vial, 1.5 mL of the above prepared wastewater effluent sample spiked 

with appropriate amount of βE2 to achieve a final concentration of 0.1 mg/L was mixed with 15 

mg Fe3+-saturated montmorillonite and shaken in darkness at 25oC on an incubator shaker for 5 

min, 10 min, 15 min, 30 min, 2 h, and 4 h at 150 rpm before separation of the aqueous phase and 

the mineral phase by centrifugation at 4000 rpm for 1 min. The remaining βE2 in the aqueous and 

mineral phases was immediately processed and analyzed using the methods described in section 

3.2.3. There were triplicates for each treatment. 
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The βE2 removal efficiency at the termination of a treatment was calculated by: 

initial βE2 − (βE2 remained in the aqueous phase +  βE2 remained in the sediment phase)

initial βE2
x 100%  

3.2.3 Sample extraction, cleanup, and analysis  

For the experiment using simple deionized (DI) water, each aqueous phase sample 

collected at the termination of a treatment was filtered through a 0.2 μm PVDF syringe filter 

(Thermo Fisher, Rockwood, TN) followed by analysis for βE2 using high performance liquid 

chromatography (HPLC, Agilent 1260 Infinity, Agilent Co., CA, USA) apparatus with fluorescent 

detector. For the experiment using secondary wastewater effluents, each aqueous phase sample 

collected at the termination of a treatment was diluted to 100 mL using ultrapure water, acidified 

to pH ~2 using 5 M HCl, and then cleaned up and extracted using solid phase extraction (SPE) on 

Oasis HLB cartridges (60mg/3cc, Waters, Massachusetts). After pre-conditioning a SPE cartridge 

with 3 mL methanol and then 3 mL water, a diluted and acidified aqueous phase sample was loaded 

onto the SPE cartridge at a flow rate of 5 mL/min and followed by rinsing the loaded cartridge 

with 10 mL water to remove sample matrices. The cartridges were then allowed to dry under 

vacuum (20 inHg) for 20 min before βE2 was finally eluted off the SPE cartridge with 3 mL 

methanol and then analyzed by HPLC. 

The mineral sediment collected at the termination of each treatment was freeze-dried for 

10 min to remove the trapped residual water. To extract the βE2 that remained in the mineral phase, 

the freeze-dried mineral phase was mixed with 3 mL ethyl acetate, sonicated for 30 min, and then 

centrifuged at 4000 rpm for 5 min to separate the ethyl acetate phase from the mineral phase. The 

ethyl acetate phase was collected and then evaporated to dryness on a Vacuum Evaporator 

(RapidVap, Labconco, Kansas City, MO) at 20% speed, 35°C, and 100 mbar vacuum. The dried 

residue was re-constituted in 1 mL acetonitrile and water (v/v, 40:60) and filtered through a 0.2 
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μm PTFE syringe filter (Thermo Fisher, Rockwood, TN) before the HPLC analysis for βE2.  

The βE2 in the final extracts of the aqueous phase and mineral phase from each treatment 

were quantified using a HPLC system coupled with a fluorescence detector (Agilent 1260 Infinity, 

Agilent, Santa Clara, CA). The analytical column was EC-C18 column (3.0×50 mm, 2.7 μm, 

Poroshell 120, Agilent, Santa Clara, CA). Mobile phase A and B were 5 mM ammonium acetate 

and acetonitrile, respectively. The mobile phase gradient was programmed as: 0 min, 80% A and 

20% B; 7 min, 15% A and 75% B, 7-7.5 min, 15% A and 75% B, 9 min, 80% A and 20% B, and 

9-11 min, 80% A and 20% B. The mobile phase flow rate was 0.4 mL/min. The column 

temperature was maintained at 30°C. The injection volume was 40 μL. The βE2 was detected by 

the fluorescence detector at excitation and emission wavelengths of 280 and 310 nm, respectively. 

The limit of detection (LOD) and the limit of quantification (LOQ) were determined as 2 and 5 

ng/mL, respectively. The recoveries for the aqueous phase and the mineral phase were 96.1 ± 0.9% 

and 83.8 ± 0.6%, respectively.  

3.2.4 Statistical analysis 

The Student's t-test was performed using the Microsoft Excel® software to evaluate the data 

collected from different treatments. Differences were considered statistically significant if the 

resultant p value was < 0.05. Data points in all figures are presented by the mean, with the standard 

deviation indicated by the error bars. 
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3.3  Results and discussion 

3.3.1 Impact of pH, temperature, organic C, and common cations on the effectiveness of 

Fe3+-saturated montmorillonite-catalyzed removal of βE2 spiked into DI water 

Comparing to exposure to Fe3+-saturated montmorillonite, the βE2 removal efficiencies 

were much lower and in the range of only 11 to 19% when it was exposed to Na+-montmorillonite 

at different experimental conditions (data not shown). When 10 µg βE2 was exposed for 30 min 

at 25°C to 15 mg of Fe3+-saturated montmorillonite in 1.5 mL DI water, the βE2 removal efficiency 

was the highest at pH = 6, reaching 82±1.9%, while its removal efficiencies were lower at pH = 3 

and 9 with similar levels of 75±1.5% and 73±3.2%, respectively (Figure 3.1).  A previous study 

has shown that βE2 removal in a system containing Fe3+-saturated montmorillonite requires their 

sorption onto the montmorillonite surfaces, followed by surface-catalyzed redox reaction that 

result in the formation of βE2 radicals that are highly susceptible to their further oligomerization 

28. Because its pKa = 10.7, βE2 molecules are in the neutral form within the wastewater relevant 

pH range (3-9) tested for this study. In addition, the permanent charges on montmorillonite are pH 

independent 38. At the investigated pH range for this study, the βE2 sorption to montmorillonite 

surfaces is therefore not significantly affected by the pH change in the water system 39. It is 

reasonable to assume that comparing with acidic and basic conditions, near neutral pH might have 

enhanced the redox reactions on the montmorillonite surfaces, formation of free radicals, or 

oligomerization, resulting in the observed higher βE2 removal efficiency at pH 6. Moreover, Fe3+ 

is more prone to be hydrolyzed at higher pH, and therefore has less vacant coordination sites 

enabling stronger interaction with reactant compound in the montmorillonite 18. While at low pH 

levels, Fe3+-saturated montmorillonite surface is more protonated and this might suppress the 

electron transfer between mineral and βE2. Further research is needed to pinpoint the exactly 
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mechanism(s) affected by the pH change.    

The relatively high and stable βE2 removal efficiency in the Fe3+-saturated montmorillonite 

containing aqueous system over the tested pH range for this study is contrary to the findings for 

systems containing enzyme or MnO2 systems 40, 41. It was shown that enzymes were susceptible to 

rapid inactivation below the pH range of 4-8, resulting in < 10% removal rates for phenolic 

compounds 40. Also, βE2 removal catalyzed by MnO2 was substantially inhibited (over 75%) when 

solution pH increased from 4 to 8 41. Because MnO2 surface has negative charge at pH 4 42 and 

this charge will increase in magnitude with increasing pH, which could make MnO2 surface more 

hydrophilic and therefore reduce estrogen accessibility to reactive surface sites. 

Figure 3.1 shows the βE2 removal efficiency when 15 µg βE2 was exposed for 30 min, at 

pH=6 and 10oC, 25oC, and 40oC, to 15 mg of Fe3+-saturated montmorillonite in 1.5 mL DI water. 

The βE2 removal efficiency increased linearly (R2 = 0.99) with increasing temperature within the 

tested temperature range. The average βE2 removal efficiency at 40oC was 17% higher than that 

at 10oC. Previous work has proven that Fe3+-saturated montmorillonite catalyzed oxidation and 

polymerization reaction are endothermic 43.  
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Figure 3.1 Effect of pH and temperature on βE2 removal from simple water systems. Reaction time: 

30 min. Initial βE2 concentration: 10 µg/mL. Fe3+-saturated montmorillonite content: 10 mg/mL. 

Different letters indicate statistical difference (p< 0.05). 

 

Dissolved organic matter is ubiquitous in natural aquatic environment as well as in 

wastewater 44. Dissolved organic matter possesses various reactive functional groups with 

resulting high tendency to interfere with many environmental reactions 45, 46. It is therefore 

important to evaluate the impact of dissolved organic matter on the catalytic efficiency of Fe3+-

saturated montmorillonite in βE2 transformation. Although commercial humic acid is not ideal 

candidate to completely represent true dissolved organic matter in wastewater, it could still be used 

as simplified organic matter surrogate to evaluate the impact of dissolved organic matter on βE2 

removal reaction. Figure 3.2 shows that when 15 µg βE2 was exposed for 30 min at pH = 6 and 

25°C to 15 mg of Fe3+-saturated montmorillonite in 1.5 mL DI water containing dissolved organic 

matter (15 mg C/L), the βE2 removal efficiency was 74±1.9%, a rate significantly lower than the 

82±2.7% removal efficiency achieved in the pure water system without the presence of dissolved 

organic matter. Generally, dissolved organic matter could have potentially dual impacts on βE2 
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reaction. Firstly, dissolved organic matter contains electron rich moieties such as phenolic and 

anilinic functional groups, which are susceptible to react with Fe3+-saturated montmorillonite and 

become self-coupled, which therefore compete with βE2 for redox reaction sites 47, resulting in a 

reduced efficiency in βE2 removal. Secondly, dissolved organic matter can also have cross-

coupling with βE2 molecules in the presence of Fe3+-saturated montmorillonite and promote βE2 

removal, in which similar cross-coupling reactions have been reported between natural organic 

matter and acetaminophen 48. In this study, βE2 removal efficiency was suppressed in the presence 

of natural organic matter, indicating the competition process impact mainly dominates the reaction. 

Comparing to the observed adverse impacts of dissolved organic matter on enzyme catalyzed 

EDCs removal 47, 49, 50, its impact on Fe3+-saturated montmorillonite-catalyzed βE2 removal is 

significantly lower. The presence of 5 mg C/L natural organic matter decreased the efficiency of 

laccase catalyzed removal of tetrabromobisphenol A by ~40% after 1 h reaction as compared with 

the same system without natural organic matter presence 50. An increase in the relative amount of 

Fe3+-saturated montmorillonite in the system might provide more redox reaction sites that are 

available to both dissolved organic matter and βE2 and therefore, further increase βE2 removal 

efficiency. 
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Figure 3.2 Effect of dissolved organic matter and mono- and divalent cations on βE2 removal from 

simple water systems. Reaction time: 30 min. Initial βE2 concentration: 10 µg/mL. Fe3+-saturated 

montmorillonite content: 10 mg/mL. Dissolved organic matter concentration: 15 mg C/L. Different 

letters indicate statistical difference (p<0.05). 

As shown in Fig. 3.2, the presence of cations that are common in wastewater effluents did 

not significantly affect βE2 removal efficiency at 25°C and pH=6. The βE2 removal efficiencies 

remained around 83% for both Ca2+- and Na+-containing systems. This result suggests strong 

inner-sphere complexation of βE2 with Fe3+-saturated montmorillonite clay surface 18 that is not 

affected by the presence of other mono- and divalent cations due to their weaker sorption affinities 

on Fe3+-saturated montmorillonite surface 51. Metal ions are often reported to suppress the 

oxidative power of manganese dioxide mineral to organic compounds by complexing with 

reactants or occupying reactive surface sites, which result in much slower reaction rates 16. 
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However, as shown in this study, in an aqueous system containing Fe3+-saturated montmorillonite 

the inhibition effect from coexisting mono- and divalent cations on βE2 oxidation and 

oligomerization is not significant. 

3.3.2 Effectiveness of Fe3+-saturated montmorillonite-catalyzed βE2 removal from 

wastewater secondary effluents 

The feasibility of using Fe3+-saturated montmorillonite for βE2 removal in real-world 

wastewater matrix was tested in this study by adding Fe3+-saturated montmorillonite to wastewater 

secondary effluents collected from three different conventional wastewater treatment plants. In 

these experiments, appropriate amount of βE2 was spiked to each wastewater effluent sample to 

reach a final concentration of 0.1 µg/mL, which is the upper concentration limit of 

environmentally-relevant levels for common wastewater samples. 

As shown in Figure 3.3, the source of wastewater effluent did significantly affect βE2 

removal kinetics in the presence of Fe3+-saturated montmorillonite. The βE2 removal efficiency 

rapidly reached to ~ 30% during the first 15 min reaction with Fe3+-saturated montmorillonite at 

15 mg/L and slowly increased to ~40% after 240 min. This βE2 removal efficiency is much lower 

than the ~ 80% removal efficiency achieved for the simple water systems (Figure 3.1 & 3.2), which 

is most likely due to the interferences from the complex matrices, in particular dissolved organic 

matter, in the wastewater samples. The molar ratios of dissolve organic C to βE2 in the wastewater 

effluents were around 2269:1, 65 times higher than that in the above studied simple water system 

containing dissolved humic acid. This suggested that the excess dissolved organic matter could 

out compete the βE2 molecules for the reactive sites on Fe3+-saturated montmorillonite. Therefore, 

to achieve higher βE2 removal efficiency in real-world wastewater, more Fe3+-saturated 

montmorillonite is needed than simple systems with less dissolved organic matter. Figure 3.4 
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further confirms that the mass ratio of Fe3+-saturated montmorillonite/βE2 does affect the βE2 

removal efficiency. In a simple DI water system, this ratio needs to be higher than 1000 in order 

to provide sufficient reaction sites to reach > 80% βE2 removal efficiency. In the presence of 

dissolved organic matter, this mass ratio would therefore need to be higher. Similarly, it was 

reported that horseradish peroxidase dose of 8-10 U/mL was required to achieve the same removal 

efficiency for estrogens in municipal wastewater while only 0.032 U/mL horseradish peroxidase 

was needed to treat synthetic water 52, 53.  

 

Figure 3.3 βE2 removal kinetics in wastewater secondary effluents collected from three wastewater 

treatment plants. Initial βE2 concentration: 0.1 µg/mL. Fe3+-saturated montmorillonite content: 10 

mg/mL. 
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Figure 3.4 βE2 removal efficiencies in simple water systems with two different mass ratios of Fe3+-

saturated montmorillonite/βE2. Reaction time: 30 min. Different letters indicate statistical difference 

(p< 0.05). 

 

Moreover, our previous study indicated that βE2 oligomers including dimers, trimers and 

tetramers are the main catalyzed products from Fe3+-saturated montmorillonite mediated radical 

coupling reaction 28. In a ligninase-enzyme mediated study, the formed βE2 coupling oligomer 

products did not exhibit any potent estrogenic activity, showing that the estrogenicity of treated 

solution was completely eliminated without secondary risk by oxidative coupling processes 21. 

These results indicated that Fe3+-saturated montmorillonite treatment has the great efficiency in 

both βE2 and estrogenicity removal, therefore it could be utilized in practical application for 

effective estrogens removal in wastewater matrix. 
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 3.4 Conclusions 

In summary, our study elucidated that Fe3+-saturated montmorillonite catalysis achieved 

highest βE2 removal efficiency at neutral solution pH and higher temperature. Common cations 

did not have impact on the reaction efficiency. The presence of dissolved organic matter in simple 

DI water system slightly reduced βE2 removal efficiency under the designed experimental 

conditions. The βE2 removal efficiencies were significantly reduced when wastewater secondary 

effluents were used to replace DI water due to high levels of dissolved organic matter, but adverse 

effects of dissolved organic matter in effluents can be offset by increasing dosage of Fe3+-saturated 

montmorillonite to increase the available reaction sites. The laboratory of batch experimental 

results in this study provide evidence that Fe3+-saturated montmorillonite can be utilized with high 

stability in practical applications for elimination of estrogen and other phenolic pollutants in 

wastewater. Removal of estrogen and other EDCs from municipal wastewater discharged effluent 

will help reduce the health threat to the receiving aquatic ecosystems. Further research should also 

focus on developing technologies for immobilization of Fe3+-saturated montmorillonite onto fixed 

supporting materials that enable continuous-flow large scale efficient treatment of wastewater.  
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Chapter 4. Fe3+-Saturated Montmorillonite Effectively 

Deactivates Microorganisms in Wastewater  

(Submitted to Water Research) 

 

 

Notes: The abstract figure is only for simple demonstration of possible reaction mechanism. Sizes of 

different components do not reflect their actual levels for comparison. 

Abstract 

Existing water disinfection practices can be costly and often produce harmful disinfection 

byproducts. This paper reports, for the first time, that Fe3+-saturated montmorillonite effectively 
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deactivates wastewater microorganisms. Microbial deactivation efficiency was 92±0.64% when a 

secondary wastewater effluent was mixed with Fe3+-saturated montmorillonite at 35 mg/mL for 

30 min, and further enhanced to 97±0.61% after 4-h exposure. This deactivation efficiency was 

similar to that when the same water was subjected to UV-disinfection. Microbial cultural results 

coupled with the live/dead fluorescent staining assay observation strongly suggested that Fe3+-

saturated montmorillonite deactivated microorganisms in wastewater through two stages: 

electrostatic sorption of negatively charged microbial cells to the surfaces of Fe3+-saturated 

montmorillonite, followed by microbial deactivation due to surface-catalyzed microbial cell 

membrane disruption by the surface saturated Fe3+. It was estimated that the ratio between 

wastewater microbial population and Fe3+-saturated montmorillonite at less than 2×103 CFU/mg 

microbial deactivation efficiency would achieve >90%. Freeze-drying the recycled Fe3+-saturated 

montmorillonite after each usage resulted in 82±0.51% microbial deactivation efficiency even 

after its fourth consecutive use. This study demonstrated the promising potential of Fe3+-saturated 

montmorillonite as a low cost material for applications from small scale point-of-use drinking 

water treatment devices to large scale drinking and wastewater treatment facilities. 

 

4.1 Introduction 

Ensuring adequate access to clean water worldwide is one of the greatest global challenges 

in this century because 1.2 billion people throughout the world lack safe drinking water and 

millions of people die annually from diseases caused by harmful microorganisms in untreated or 

improperly treated drinking water.1 Disinfection practices such as chlorination, ozonation, and UV 

treatment are commonly used for treating wastewater as well as drinking water, especially in 

developed countries. However, current disinfection practices could form byproducts (halogenated 
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disinfection byproducts, nitrosamines, bromate, etc.)2 that pose negative impact to human health.3 

Besides, it is impractical to establish such massive treatment systems in less developed regions 

that lack financial resources and water sanitation services.4 Thus, there is a need to develop 

alternative low cost and yet effective water disinfection materials and methods. 

In the past decade, various natural or engineered nanomaterials have been developed and 

used as antimicrobial agents for water disinfection purpose. Those nanomaterials include silver 

nanoparticles,5-7 copper and copper oxide nanoparticles,8, 9 titanium dioxide,10, 11 carbon 

nanotubes,12, 13 zinc oxide,14, 15 fullerenes,16 and graphene materials.17-20 Among them, silver-based 

nanomaterials have been most widely explored owing to their great antimicrobial properties to a 

broad spectrum of microorganisms.6 The antimicrobial activity of silver-based nanomaterials is 

mainly attributed to the release of Ag+, which further interact with the thiol functional groups in 

proteins, resulting in respiratory enzymes inactivation and reactive oxygen species generation.21 

Furthermore, Ag+ can also prevent DNA replication and enhance detachment of cytoplasm 

membrane from cell wall.22 However, silver-based antimicrobial materials can be expensive and 

show poor stability.23 There have been concerns about their long term efficacy and economic 

applicability.24 In addition, although previous research has shown that certain clay minerals such 

as smectites and zeolites that have high specific surface area, cation exchange capacity, and 

sorption capacity, can be matrix retaining metal ions including Ag+, Zn2+, and Cu2+, all of which 

possess antimicrobial property,25-31 their effectiveness in treating contaminated water has not been 

tested.  

Our previous studies have demonstrated effective removal of phenolic organic compounds 

from wastewater due to surface catalyzed oxidative oligomerization by Fe3+-saturated 

montmorillonite.32, 33 It was therefore hypothesized for the current study that the surface reactivity 
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of Fe3+-saturated montmorillonite might also capable of deactivating microorganisms in 

wastewater. Hence, Fe3+-saturated montmorillonite could potentially be used to treat water 

contaminated with organic compounds as well as harmful microorganisms. The objectives of this 

study were: 1) to investigate the influence of exposure time and mineral concentration on the 

microbial deactivation efficiency of Fe3+-saturated montmorillonite; 2) to evaluate the 

performance stability and reusability of Fe3+-saturated montmorillonite for microbial deactivation. 

For this work, instead of targeting a specific microorganism, a wide spectrum of culturable 

microorganisms were tested by exposing the primary and secondary effluents from a local 

wastewater treatment plant to Fe3+-saturated montmorillonite. 

 

4.2 Materials and Methods 

4.2.1 Chemicals and Materials. 

Luria-Bertani (LB) broth powder (Lennox), agar powder, sodium chloride (≥99%) were 

purchased from Fisher Scientific (Fair Lawn, NJ). Na+-montmorillonite (SWy-2, Crook County, 

Wyoming) was obtained from the Source Clays Repository of the Clay Minerals Society (Purdue 

University, West Lafayette, IN). The ultrapure water used in this study was produced by a 

Millipore Milli-Q water purification system (Milford, MA). 

4.2.2 Fe3+-Saturated Montmorillonite Preparation 

Detailed description for preparation of Fe3+-saturated montmorillonite can be found in 

previous studies.32, 33 Briefly, Na+-montmorillonite (Na+ as major interlayer cation) was first 

purified and fractionated to <2 μm clay-sized particles and then went through six saturation-

decantation cycles using 0.1 M FeCl3 to saturate the montmorillonite interlayers with Fe3+. The 
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Fe3+-saturated montmorillonite was then repeatedly washed with ultrapure grade water followed 

by centrifugation until no Cl- in the supernatant was detected using the AgNO3 test. The washed 

Fe3+-saturated montmorillonite was finally freeze-dried for future tests of its antimicrobial 

efficiency.  

4.2.3 Microbial Deactivation Study Using Fe3+-Saturated Montmorillonite  

To prevent microbial cross contamination during each step of testing, all related glassware 

and materials were properly sterilized by autoclaving at 121°C for 20 min. Two mL of primary or 

secondary wastewater effluent from a local wastewater treatment plant was mixed with a 

predetermined amount of Fe3+-saturated montmorillonite in a 20 mL glass vial and shaken on a 

horizontally moving shaker at 200 rpm for up to 4 h at 25°C. The characteristics of the primary 

and secondary wastewater effluents are summarized in Table 4.1. At 0.5 h, 1 h, 2 h and 4 h, 

triplicate vials were taken from the shaker and centrifuged at 1000 rpm for 5 min to separate the 

aqueous phase and mineral phase.  Supernatant (aqueous phase) of each vial was withdrawn and 

weighed. The water trapped in the mineral sediment was calculated by the difference between the 

weight of the mineral and that was initially added into each vial. This was included in the later 

calculation of aqueous phase microbial population and excluded in the calculation of mineral phase 

microbial population.   

Table 4.1 Characteristics of the primary and secondary wastewater effluents used for this study. 

(average value for samples tested in October, 2015, data from the wastewater treatment plant lab 

report) 

Parameter Primary Secondary 

pH 7.5 7.4 

Dissolved oxygen (DO) 2.0 8.3 

Biological oxygen 

demand (BOD) 
77 2.9 

Alkalinity 227 113 

Total suspended solids 53 2.5 



75 
 

 

Microbial populations, expressed in colony forming unit (CFU), in the wastewater samples, 

the aqueous phase, and the mineral phase were quantified using the Colony Forming Count 

method.34 Briefly, a wastewater or an aqueous phase sample was diluted sequentially 10-fold with 

saline water (0.85% NaCl) for up to 5 times. An aliquot of 100 μL was taken from each diluted 

solution, spread onto a pre-sterilized LB agar growth media, and incubated at 28°C for 24 h before 

colony counting. The collected mineral phase was re-suspended in 10 mL sterilized saline solution, 

hand mixed thoroughly for 1 min, sequentially diluted 10-fold using saline water (0.85% NaCl) 

for up to 5 times, followed by the colony forming count for each diluted mixture using the plate 

cultural method as described above. The sum of the microbial populations in the aqueous phase 

and the mineral phase was calculated as total CFU and compared with that in the wastewater before 

it was exposed to Fe3+-saturated montmorillonite or Na+-montmorillonite. The microbial 

deactivation efficiency was calculated using equation: Deactivation (%)=(1-Ct/Co)×100, where Ct 

is the total CFU at different reaction time t, Co is the CFU of the wastewater used. 

To test the reusability of Fe3+-saturated montmorillonite for microbial deactivation in 

wastewater, the Fe3+-saturated montmorillonite sediment after each deactivation cycle was 

collected via centrifugation and used as is for the next cycle or freeze dried before being used for 

the next cycle, each with a fresh batch of wastewater sample. Four consecutive cycles were tested.   

4.2.4 Microbial Cell Viability Assay  

Microbial cell viability during the deactivation tests was further visualized using the 

fluorescence-based cell live/dead Test.19 An aliquot of 1 mL wastewater sample was incubated in 

25 mL LB growth medium at 28°C until reaching mid-exponential growth phase. Microorganisms 

in the growth medium were then harvested by centrifugation at 7500 rpm for 10 minutes. The 
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microbial pellet was washed twice using saline solution to remove residual macromolecules and 

other growth medium constituents. The microbial pellet was first re-suspended in 2 mL 

wastewater, then exposed to 50 mg Fe3+-saturated montmorillonite for 4 h, and finally centrifuged 

at 1000 rpm for 5 minutes. The mineral phase collected was re-suspended in 1 mL saline solution 

and stained by using the LIVE/DEAD BacLight bacterial viability kit (L7007, Invitrogen, 

Carlsbad, CA, USA). An aliquot of 3 μL dye mixture containing SYTO 9® and propidium iodide 

was added to the 1 mL mineral-saline mixture suspension and incubated in darkness for 15 min 

before final observation under a Zeiss fluorescence microscope (Axio Observer Z1, Carl Zeiss, 

Germany). With mixture of the SYTO 9® and propidium iodide (PI), bacteria with intact cell 

membranes stain fluorescent green (considered to be viable), and bacteria with compromised 

membranes stain fluorescent red (considered to be nonviable). Similar fluorescence dye methods 

have been applied in other studies monitoring the antimicrobial properties of nanoparticles.15, 19, 35 

4.2.5 Statistical Analysis 

Student's T-test was performed to determine whether there are significant differences in 

microbial cell viability between different treatments. Statistical decisions were made at a 

significance level of p < 0.05 within a 95% confidence interval. 

 

4.3 Results and Discussion 

4.3.1 Microbial Deactivation Efficiency of Fe3+-Saturated Montmorillonite 

Without exposure to any treatment, microbial populations in both primary and secondary 

wastewater effluents did not change during the 4-h testing time (data not shown). When exposed 

to Na+-montmorillonite at 35 mg/mL for up to 1 hour, there was no statistically significant change 
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in the microbial populations in both primary and secondary wastewater effluents (Figure 4.1). 

Incubation with Na+-montmorillonite longer than 1 hour resulted in significant microbial growth 

(negative values of microbial deactivation efficiency), with 42±26% and 117±38% microbial 

population enhancement in the primary and secondary wastewater effluents, respectively, at the 

end of 4-h incubation. Growth stimulation of a wide spectrum of microbial species by natural 

montmorillonite had been reported in the literature.36-38 It was speculated that the relative basicity 

of cations such as Na+ and Ca2+ sorbed on the Na+-montmorillonite interlayer surfaces might 

provide optimal pH environment and nutritional support and stimulation for microbial growth.37 
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Figure 4.1 Microbial deactivation efficiencies of Fe3+-saturated montmorillonite (circles) and Na+-

montmorillonite (upper triangles) when they were exposed to primary and secondary wastewater 

effluents for different length of time. The mineral concentration in the water was 35 mg/mL. The 

initial microbial levels in the primary and secondary effluents were 1.39x105 and 2.33x104 CFU/mL, 

respectively.  

 

As shown in Figure 4.1, microorganisms in the secondary wastewater effluent were rapidly 

deactivated within 30 min of exposure to Fe3+-saturated montmorillonite at 35 mg/mL, achieving 

deactivation efficiency of 69±3.2% and 92±0.64% after 15 and 30 min, respectively. Longer 

exposure of the secondary wastewater effluent to Fe3+-saturated montmorillonite from 30 min to 
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4 h only slightly further enhanced the microbial deactivation efficiency to 97±0.61%. Comparing 

to the secondary wastewater effluent, the microbial deactivation efficiency was lower when the 

primary wastewater effluent was exposed to Fe3+-saturated montmorillonite (35 mg/mL), reaching 

29±18% at 30 min and 76±1.7% at 4 h.  

The initial microbial population in the primary wastewater effluent (1.39×105 CFU/mL) 

was 6 times higher than that in the secondary wastewater effluent (2.33×104 CFU/mL). If microbial 

deactivation is mineral surface dependent, higher ratio of microbial population relative to the 

amount of Fe3+-saturated montmorillonite they are exposed to would result in lower microbial 

deactivation efficiency. Figure 4.2a shows a significantly decreased microbial deactivation 

efficiency, from 93±0.71% to 23±12%, when the ratio of wastewater microbial population to Fe3+-

saturated montmorillonite increased from 2×103 to 9×103 CFU/mg. When this ratio further 

decreased from 2×103 to 0.7×103 CFU/mg, the microbial deactivation efficiency increased slightly 

from 93±0.71% to 98±0.83%. The results from Figure 4.2a suggests that in order to achieve >90% 

microbial deactivation efficiency, the microbial population to Fe3+-saturated montmorillonite ratio 

has to be below 2×103 CFU/mg. As showed in Figure 4.1, the ratio of primary wastewater 

microbial population to Fe3+-saturated montmorillonite was 4×103 CFU/mg, which would result 

in ~72% microbial deactivation efficiency. To achieve > 90% microbial deactivation efficiency in 

the primary wastewater effluent tested for this study, the Fe3+-saturated montmorillonite 

concentration would have to be at least 72 mg/mL. Furthermore, in contrast to the secondary 

wastewater effluent (Table 4.1), the primary wastewater effluent contains more natural organic 

matter and other organic constituents including phenolic contaminants,39-41 all of which may 

interfere with microorganism-mineral surface interactions.  
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Figure 4.2 Microbial deactivation efficiencies of Fe3+-saturated montmorillonite when it was exposed 

for 2 hours to an UV-untreated secondary wastewater effluent at different concentrations (a). The 

microbial deactivation efficiency of UV treatment of the secondary wastewater effluent at the WWTP 

where the tested wastewater samples were collected (b).  

Figure 4.2b shows that the microbial deactivation efficiency of the UV treatment employed 

to disinfect the secondary wastewater effluent at the treatment plant was 99.9%. This outcome is 

comparable to that achieved by treating the secondary effluent with appropriate amount of Fe3+-

saturated montmorillonite treatment (Figure 4.1 and Figure 4.2a). The excellent microbial 

deactivation efficiency of Fe3+-saturated montmorillonite reported in our study is in agreement 

with that of other reported nanomaterials. It was reported that single-walled carbon nanotubes and 

graphene oxide could deactivate E. coli in aqueous environment at average efficiency of 88% and 

92%, respectively.42, 43 After immersion of silver nanoparticles-coated silicon wafers into E. coli 
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and S. aureus inoculated growth medium for 12 hours, 99% and 98% of E. coli and S. aureus were 

deactivated, respectively.44 

4.3.2 Distribution of Viable Microorganisms Between Aqueous and Mineral Phases 

Figure 4.3 shows distribution patterns of viable wastewater microorganisms in the effluents 

exposed to Fe3+-saturated montmorillonite in comparison with Na+-montmorillonite. Within 30 

min exposure of the primary wastewater effluent to Fe3+-saturated montmorillonite at 35 mg/mL, 

4.8±2.0% and 66±14% of the initial wastewater microbial population was detected as viable in the 

aqueous phase and mineral phase, respectively (Figure 4.3a). From 30 min to 4 h exposure, the 

viable microbial population associated with the Fe3+-saturated montmorillonite mineral phase 

decreased significantly with time, while the viable microbial population in the aqueous phase 

remains statistically unchanged. After 4 h exposure, only 21±0.80% of the initial microbial 

population was viable in the mineral phase. The result shown in Figure 4.3a suggests that in the 

case of primary wastewater effluent, when the ratio of initial microbial population to Fe3+-saturated 

montmorillonite was high (Figure 4.2a) and there might be high possibility of surface reaction 

interferences due to high organic matter content, deactivation of surface sorbed microorganisms is 

a slower process comparing to what were observed for the secondary wastewater effluent (Figure 

4.3b). 
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Figure 4.3 Distribution of culturable microbial population in aqueous phase and mineral phase after 

exposing the primary and secondary wastewater effluents to Fe3+-saturated montmorillonite (left 

panels) and Na+-montmorillonite (right panels) at 35 mg/mL for different exposure lengths. Ct is the 

culturable microbial population at time t and Co is the initial clturable microbial population in a 

wastewater sample before exposure.  

When the ratio of initial microbial population to Fe3+-saturated montmorillonite was low 

enough to achieve >90% deactivation efficiency (Figure 4.2a), such as the case when secondary 

wastewater effluent was exposed to Fe3+-saturated montmorillonite, microorganisms sorbed on the 

mineral surfaces were quickly deactivated within 30 min of exposure (Figure 4.3b). At 30 min, 

only 3.5±1.4% of the initial wastewater microbial population were mineral phase-associated and 

viable. The population of mineral surface-associated viable microorganisms remained statistically 

unchanged with exposure time longer than 30 min. Similar to the result of primary wastewater 
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effluent experiment, the fraction of initial wastewater microbial population that was viable in the 

aqueous phase remained low, at 4.3±0.50% and 1.3±0.30%, when the secondary wastewater 

effluent was exposed for 30 min and 4 h, respectively, to Fe3+-saturated montmorillonite.  

Contrary to the treatment with Fe3+-saturated montmorillonite, significant sorption of 

microorganisms occurred on the Na+-montmorillonite surfaces within 30 min of its exposure to 

the wastewater effluents (Figure 4.3c, 4.3d). After 30 min exposure of Na+-montmorillonite to the 

primary and secondary wastewater effluents, the mineral phase-associated viable microorganisms 

were 79±13% and 69±5.4% of the initial microbial populations, respectively, while those remained 

viable in the aqueous phase were 18±4.1% and 23±6.3% of the initial microbial populations, 

respectively. This result indicates negligible overall microbial deactivation within 30 min exposure 

to Na+-montmorillonite. Longer exposure time seemed to encourage microbial growth on the Na+-

montmorillonite mineral surfaces (Figure 4.3c, 4.3d). From 30 min to 4 h exposure of the primary 

and secondary wastewater effluents to Na+-montmorillonite, the net growth of mineral phase-

associated microorganisms increased ~17% and ~90%, respectively, while that of aqueous phase-

associated microorganisms increased ~ 33% and 288%, respectively.  

Because microbial cell surfaces have negatively charged sites, they can be sorbed to 

montmorillonite surfaces via bridging by cations or hydrated cations, both of which are 

electrostatically attracted to the permanent negative charges on the mineral surfaces.45, 46 It was 

reported that bridging cations with higher valence could enhance microbial cell sorption on mineral 

surfaces than those with lower valence.47 For example, the amount of actinomycete cells sorbed 

on Fe3+-treated sand was observed to be close to 90 times higher than that sorbed on Na+-treated 

sand.47 As shown in Figure 4.3a and 4.3c, after 30 min exposure the viable populations associated 

with Fe3+-saturated montmorillonite and Na+-montmorillonite were similar in the systems with the 
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primary wastewater effluent. This result suggests that although Fe3+-saturated montmorillonite has 

much higher sorption capacity for microbial cells than Na+-montmorillonite, within 30 min 

exposure a large population of microbial cells sorbed on the Fe3+-saturated montmorillonite 

surfaces were deactivated and become not viable for plate culture.  Figure 4.3a demonstrates 

continuous microbial deactivation/overall growth suppression of microorganisms sorbed on the 

Fe3+-saturated montmorillonite surfaces, while the opposite trend is shown for those sorbed on the 

Na+-montmorillonite surfaces (Figure 4.3c, 4.3d). In the case for secondary wastewater effluent, 

the microbial deactivation efficiency on the Fe3+-saturated montmorillonite surfaces could be 

greatly enhanced (Figure 4.3b) because this system had higher ratio of available mineral surface 

area/microbial population than that for the primary wastewater effluent system. 

To further prove that the observed efficient microbial deactivation by Fe3+-saturated 

montmorillonite is a surface process catalyzed by the Fe3+ sorbed on the mineral surfaces, 

appropriate amount of FeCl3 was added to the secondary wastewater effluent to provide Fe3+ at a 

content that is equivalent to that in a wastewater system exposed to Fe3+-saturated montmorillonite 

system at 25 mg/mL. No significant microbial deactivation was observed within 2 h incubation. 

Previous studies have suggested that direct contact between microbial cells and surface of 

antimicrobial materials is necessary for microbial deactivation.42 It was shown that microbial cell 

deactivation was mainly localized on the Cu2+-montmorillonite surface and was not due to the 

limited amount of Cu2+ desorbed from the mineral (1.2-2.3% of overall exchanged Cu2+) into 

solution.27 Similarly, in our study no significant microbial deactivation was observed in 

wastewater containing equivalent amount of Fe3+ as that desorbed from the Fe3+-saturated 

montmorillonite when it was exposed to wastewater. The concentration of desorbed Fe3+ was 1.4 

µg/mL when Fe3+-saturated montmorillonite (10 mg/mL) was used to treat secondary wastewater, 
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that is, 0.14% of adsorbed Fe3+. Adding Fe3+-saturated montmorillonite (25 mg/mL) to wastewater 

lowered the pH from 7.2 to 3.3, which did not occur with Na+-montmorillonite. However, this 

reduction of pH did not result in significant microbial deactivation in the aqueous phase (data not 

shown) within the experimental time. Both tests strongly support the argument that mineral surface 

activity of Fe3+-saturated montmorillonite attributed to the observed overall microbial deactivation 

in the system, while change of aqueous phase chemistry due to exposure to the mineral was not a 

contributing factor.   

4.3.3 Spectroscopy Evidence of Microbial Cell Deactivation on Fe3+-Saturated 

Montmorillonite Surfaces  

The fluorescence image of Figure 4.4a shows live and uniformly dispersed free microbial 

cells in the wastewater before they were exposed to Fe3+-saturated montmorillonite. When they 

were exposed to Na+-montmorillonite and Fe3+-saturated montmorillonite, the microbial cells 

adhered onto the mineral surfaces as shown by the microorganism-mineral particle clusters in 

Figure. 4.4b and 4.4c, although the clusters for the former are less agglomerated. The green color 

microorganism-mineral clusters shown in Figure 4.4b suggests that the microbial cells sorbed on 

Na+-montmorillonite were alive and viable. While the microbial cells sorbed on Fe3+-saturated 

montmorillonite were clearly shown to be non-viable as indicated by the red color in the 

fluorescence image (Figure 4.4c). The results from Figure 4.4 strongly suggested that once 

microbial cells were sorbed onto Fe3+-saturated montmorillonite surfaces, microbial membranes 

were most likely disrupted by a chemical mechanism involving the surface saturated Fe3+, resulting 

in nonviable cells as shown in red.  Further scanning electron microscopy (SEM) investigation 

would provide direct spectroscopic evidence on cell integrity.48-50  
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Figure 4.4 Representative fluorescence microscope images of microorganisms in a wastewater 

sample before exposure (a) and after exposure to Na+-montmorillonite (b) and Fe3+-saturated 

montmorillonite (c) at 25 mg/mL for 4 h. 

The experimental results generated from the current investigation suggested that Fe3+-

saturated montmorillonite deactivated microorganisms in wastewater through the following two 

stages: electrostatic sorption of negatively charged microbial cells to the surfaces of Fe3+-saturated 

montmorillonite, followed by microbial deactivation due to surface-catalyzed microbial cell 

membrane disruption by a possible redox process related to the surface saturated Fe3+. In general, 

microbial deactivation can be the result of: 1) direct mechanical breakage of outer cell membranes 
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by sharp edged nanoparticles35, 51, 52; 2) chemical oxidative stress mediated cell injury that is 

induced by in situ production of reactive oxygen species53, 54; and 3) dehydration of cell 

membrane.55 It is highly likely that the latter two microbial deactivation mechanisms are at play 

when wastewater is exposed to Fe3+-saturated montmorillonite. Strong hydration force of surface 

sorbed Fe3+ could quickly induce cell membrane dehydration of microbial cells sorbed on the 

montmorillonite surfaces. Recent research has shown mineral surface-catalyzed Fe3+ reduction by 

organic phenolic compounds exposed to Fe3+-saturated montmorillonite, forming radical cations 

of aromatic molecules and Fe2+ cations.32, 33, 56, 57 Hence, the surface-catalyzed redox reaction and 

formation of radical cations could induce oxidative stress on microbial cells, resulting in disrupted 

microbial cell membrane and subsequent microbial deactivation. However, to pinpoint the exact 

microbial deactivation mechanism(s) of Fe3+-saturated montmorillonite, more studies are needed 

to investigate the changes of cell morphology using spectroscopic methods, to monitor reactive 

oxygen species production, and to understand metabolic and physiological activity of microbial 

cells in aqueous systems with the presence of Fe3+-saturated montmorillonite. 

4.3.4 Reusability of Fe3+-Saturated Montmorillonite for Microbial Deactivation in 

Wastewater 

To test the reusability of Fe3+-saturated montmorillonite, an experiment consisting of four 

consecutive 2-h long exposures of the same batches of Fe3+-saturated montmorillonite at an 

exposure rate of 25 mg/mL to fresh secondary wastewater effluent was conducted. After each 

exposure, the aqueous phase and mineral phase were separated and the mineral phase was used as 

is or freeze dried before the next round of exposure to a new batch of wastewater. Microbial 

deactivation efficiencies were 97±0.58%, 86±2.3%, 69±2.6%, and 57±12% for the 1st, 2nd, 3rd, and 

4th exposure, respectively, where the Fe3+-saturated montmorillonite was collected and used as is 
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after each exposure (Figure 4.5). This decline of microbial deactivation efficiency with subsequent 

repeated use of the same used-as-is Fe3+-saturated montmorillonite might be due to the blockage 

of the mineral surface reaction sites by the deactivated microbial cells remaining on the mineral 

surface from the previous exposure. However, when the Fe3+-saturated montmorillonite was 

freeze-dried before each reuse, its microbial deactivation efficiency remained at 82±0.51% even 

when it was reused four consecutive times (Figure 4.5). Dehydration of the reused Fe3+-saturated 

montmorillonite during freeze-drying process might help weaken the attraction between 

deactivated microbial cells and the mineral surfaces, resulting in their detachment from the mineral 

surfaces once re-exposed to the aqueous phase and, therefore, freeing up the reactive sites for 

further microbial deactivation. The freeze-drying followed by quick hydration might also enhance 

the physical removal of other coated species from wastewater. 
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Figure 4.5 Microbial deactivation efficiency of Fe3+-saturated montmorillonite used repetitively for 

four consecutive 2-h exposures. A fresh batch of secondary wastewater effluent was used for each 

exposure. The Fe3+-saturated montmorillonite exposure dose was 25 mg/mL. The Fe3+ saturated 

montmorillonite was collected via centrifugation and used as is (left panel) or freeze-dried (right 

panel) after each exposure.  

In summary, this study demonstrated, for the first time, the effectiveness of Fe3+-saturated 

montmorillonite for microbial deactivation in wastewater. The overall results of this study suggest 

that Fe3+-saturated montmorillonite could be used as a low cost, environmental friendly, and 

effective antimicrobial material for water disinfection in applications from small scale point-of-

use drinking water treatment devices to large scale drinking and wastewater treatment facilities.  
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Chapter 5. Bacteria Deactivation Using Fe3+-Saturated 

Montmorillonite Impregnated Paper 

(To be submitted to Water Research) 

 

Abstract 

This study describes a novel method to impregnate Fe3+-saturated montmorillonite in 

cellulose filter paper and demonstrates its effectiveness in reducing the levels of harmful 

microorganisms in water. Fe3+-saturated montmorillonite was incorporated into paper matrix 

through wet-end addition during paper making process and formed uniformly impregnated paper 

after dried. The Scanning Electron Microscopy (SEM) imaging showed that Fe3+-saturated 

montmorillonite was evenly dispersed and coated over the cellulose fiber surface. When it was 

used to filter 50 mL and 200 mL of water spiked with live Escherichia coli (E. coli) cells at 

3.67×108 CFU/mL, the Fe3+-saturated montmorillonite impregnated filter paper with 50% of 

mineral/paper weight percent loading deactivated E. coli with 99% and 77% deactivation 

efficiency, respectively. When the ratio of treated volume/Fe3+-saturated montmorillonite 

(mL/mL) decreased from 1:0.4 to 1:1.5, E. coli deactivation efficiency increased from 69% to 

99.5% and maintained 100% at ratio of 1:3 when treating 50 mL water spiked with E. coli at 

1.18×106 CFU/mL was passed through. Dielectrophoresis (DEP) and impedance analysis of E. 

coli filtrate also confirmed that the deactivated E. coli passing through Fe3+-saturated 

montmorillonite filter paper did not have trapping response (mainly dead) to DEP due to higher 



95 
 

membrane permeability and conductivity. For total treatment of 500 mL E. coli-contaminated 

water, 0.13 mg Fe3+ was released into the filtered water, accounting for 0.3% of the Fe3+ initially 

retained on the montmorillonite filter paper. The Fe3+ leached into the water for treating E coli-

contaminated water could be a potential iron supplement to the human consuming the water. 

Assuming a 2-L water consumption/day, 0.52 mg of iron would be consumed per day. This is a 

level within the range of the FDA recommended daily intake of iron for an adult. The results from 

this study demonstrate the feasibility of using the Fe3+-saturated montmorillonite impregnated 

paper for convenient point-of-use drinking water disinfection. 

 

5.1 Introduction 

Ensuring public access to clean and reliable water resources is one of the greatest global 

challenges in this century. Clean water and sanitation services are still severely lacking in 

developing countries. Currently, more than 1.1 billion people worldwide do not have access to 

clean and safe drinking water supplies.1 The adverse health impacts due to lack access to clean 

water and sanitation are significant. Exposure to water contaminated by pathogenic bacteria or 

viruses results in problematic waterborne disease, including diarrheal diseases, intestinal 

helminthes, schistosomiasis, and trachoma.2 As a result, millions suffer from preventable illness 

and die every year.  

In developed nations, centralized wastewater treatment plants are required to apply 

disinfection before discharging to surface water environment in order to remove potentially 

harmful microorganisms in wastewater effluent. While traditional disinfection practices 

(chlorination, ozonation) show high effectiveness, these powerful oxidants can react with naturally 

occurring organic matter and form toxic disinfection byproducts (DBPs). During past few decades, 
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wide ranges of toxic DBPs (halogenated DBPs, carcinogenic nitrosamines, bromate) have been 

reported,3 and their carcinogenic potential has raised public health concern.4 Recent US 

disinfection regulations require the minimization of certain DBPs formation, which force sewage 

plants to discard traditional chlorine disinfection and to use UV disinfection as an alternative. 

However, UV disinfection is not as cost-effective as chlorination since it often requires a high 

dosage of radiation and thus higher energy consumption to effectively inactivate some viruses. 

These disadvantages urge researchers to develop new efficient, low-cost technologies to 

accommodate these needs. 

In developing countries with limited resources, centralized wastewater and drinking water 

treatment facilities are still not implemented due to dispersed population, high capital cost, low 

efficiency service, unaffordable maintenance and lack of proper operation.2 For these reasons, 

decentralized areas that rely on household water treatment and sanitation technology therefore 

might become viable alternative approach. Point-of-use (POU) water treatment technologies are 

simple, acceptable, low-cost interventions at the household and community levels that are capable 

of dramatically improving the microbial quality of household stored water and reducing the 

attendant risks of microbial disease and death.5 With the advantage of cheap and low energy cost, 

point-of-use household treatment technology has therefore emerged as a primary approach.6 

Moreover, point-of-use systems can provide safe drinking water response to large-scale 

emergencies and disasters. Common point-of-use technologies include chlorination with safe 

storage, combined coagulant-chlorine disinfection systems, solar water disinfection, ceramic 

filters and biosand filters.6 Although these methods have scientifically proved evidence of ability 

to improve water quality and reduce waterborne infectious disease, none of these have achieved 
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sustained and large-scale use.6 Thereby, the demand of developing new generations of antibacterial 

materials for effective drinking water disinfection is becoming urgent. 

Functional nanomaterials including silver nanoparticles,7, 8 carbon nanotubes,9 and titania 

nanoparticles10 have been recently studied for possible feasibility of POU treatment application. 

However, there have been concerns about their long term efficacy and economic applicability.11 

For example, among all the bactericidal agents, silver nanoparticles have been widely studied due 

to their highly effective and broad-spectrum antimicrobial activities.12 However, silver-based 

antimicrobial materials are quite expensive and show poor stability.13 The dissolution of nano Ag 

into Ag+ could lead to its eventual depletion; Therefore, concerns about their long-time efficacy 

and replenishment possibility have been raised for economic application.11 For these reasons, 

researchers turn to develop more affordable and durable alternative materials with superior 

antibacterial activity for pathogenic microorganisms removal from contaminated water. 

Our previous study (Chapter 4) has demonstrated that Fe3+-saturated montmorillonite has 

great capacity to target and inactivate a broad range of bacteria in wastewater. With high specific 

surface area, cation exchange and sorption capacity, montmorillonite can be an ideal matrix for 

retaining Fe3+ and showing great antimicrobial property. However, how to immobilize mineral 

into carrier to achieve easy separation and recycling of Fe3+-saturated montmorillonite has become 

rising problem during POU application. 

With the advantages of high porosity, mechanical strength, high absorbency and natural 

abundance, cellulose paper material has raised attractive interest to serve as support matrix.14 

Bactericidal agents (silver, copper nanoparticle, graphene) embedded onto paper matrix have been 

widely reported as effective POU water treatment.15-19 The porous structure and hydrophilic 

cellulose fiber allow paper fiber to absorb nanoparticles by capillary forces and produce high 
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nanoparticle loading onto paper upon drying.20 Moreover, filter paper has been universally applied 

as inert support for unique functionalization due to simplicity.20 Wet-end addition and surface 

treatment are two main approaches to attach target nanomaterials onto paper matrix. While surface 

treatment merely coats the nanomaterial particles over dry paper sheet surface, wet-end 

impregnation is made to permeate the paper fiber structure, which allows better contact and 

complete deposit between target particles with individual fibers in three dimensions before paper 

sheet formation.21 Therefore, we proposed in this study that Fe3+-saturated montmorillonite can be 

incorporated into pulp fiber network by stirring filter paper pulp with mineral suspension. After 

molding and drying, Fe3+-saturated montmorillonite will be penetrated into whole cellulose fiber 

paper structure and such fabricated filter paper sheet will provide excellent antibacterial function. 

Following the interest in paper functionalization with bacteria deactivation properties, we 

therefore designed paper sheet embedded with Fe3+-saturated montmorillonite for the first time, 

which could be used for drinking water purification to eliminate the waterborne pathogenic 

microorganisms. To our knowledge, this is the first attempt to immobilize and prepare Fe3+-

saturated montmorillonite that has promising prospect as efficient POU treatment purifier.   

 

5.2 Materials and Methods 

5.2.1 Chemicals and Materials 

LB broth powder (Lennox), powdered agar, sodium chloride (≥99%) were purchased from 

Fisher Scientific (Fair Lawn, NJ). Na+-montmorillonite (SWy-2, Crook County, Wyoming) was 

obtained from the Source Clays Repository of the Clay Minerals Society (Purdue University, West 

Lafayette, IN). Whatman qualitative cellulose filter paper was used to blend with Fe3+-saturated 
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montmorillonite in this study. The ultrapure water used in this study was produced by Millipore 

Milli-Q water purification system (Milford, MA). Nonpathogenic Escherichia coli ATCC 25922 

strain was obtained from obtained from the American Type Culture Collection (ATCC, Rockville, 

Maryland, USA) and used as model E. coli microorganism for deactivation test. We choose this 

organism because of its role as indicator for fecal contamination in drinking water. 

5.2.2 Fe3+-Saturated Montmorillonite Preparation 

More details for preparation of Fe3+-saturated montmorillonite have been described in our 

previous studies.22, 23 Briefly, Na+-montmorillonite (Swy-2) was purified and fractionated to <2 

μm clay-sized particles before Fe3+ saturation.24 Clay-sized particles (<2 μm) Na+-montmorillonite 

was then mixed with 0.1 M FeCl3 for 6 times in order to saturate the montmorillonite interlayer 

with Fe3+. The Fe3+-saturated montmorillonite was then repeatedly washed with ultrapure grade 

water followed by centrifugation until free detection of Cl- in supernatant with AgNO3 test. The 

centrifuged wet Fe3+-saturated montmorillonite was collected for further paper composite making. 

5.2.3 Impregnation of Fe3+-Saturated Montmorillonite into Paper 

Pieces of filter papers were soaked in water overnight to soften the texture, and were 

blended into paper pulp with a kitchen blender for 5 min. The pulp was later centrifuged at 6000 

rpm for 10 min. The mineral impregnated paper with two different minerals loadings paper (25% 

and 50%) were made in this study as follows: the paper pulp pellets (wet weight: 20 g, dry weight: 

5.62 g.) were mixed with different amounts of wet Fe3+-saturated montmorillonite (20 g wet weight 

equal to 5.51 g dry weight; 8 g wet weight equal to 2.21 g dry weight) and then stirred vigorously 

with 120 mL of water into muddy mineral-pulp slurry, during which minerals were sorbed on the 

surface of cellulose paper fiber. The slurry was gently poured onto deckle mould with fine screen 

and a thin layer of mineral blended pulp was formed on the screen, which was further pressed, 
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transferred and air-dried on towel surface. High and low loading Fe3+-saturated montmorillonites 

contained 50% and 25% dry weight of Fe3+-saturated montmorillonite, respectively. Similarly, 

paper pulp pellet (wet weight: 20 g, dry weight: 5.62 g.) were mixed with different amounts of wet 

Na+-montmorillonite (20 g wet weight equal to 1.85 g dry weight; 50 g wet weight equal to 4.63 g 

dry weight) and made into Na+-montmorillonite blended using the same method. High and low 

loading Na+-montmorillonites paper contained 25% and 50% dry weight ratio of Na+-

montmorillonites/paper, respectively. The composite filter paper was cut to make a circle of 2.5 

cm diameter to fit filter holder for syringe filtration.  

5.2.4 Bacteria Deactivation Filtration Assay 

To prevent microbial cross contamination during each step of testing, all related glassware 

and materials were properly sterilized by autoclaving at 121°C for 20 min. One mL of secondary 

wastewater effluent (collected from local wastewater treatment plant) was incubated in 100 mL 

LB medium at 37°C until mid-exponential growth phase. The cultured bacteria were then spread 

onto MacConkey agar plate and incubated at 37°C for 12 h. The appeared pink colonies were 

picked and used as E. coli bacteria representatives isolated from wastewater in further deactivation 

experiment. 

E. coli suspension in saline (0.85% NaCl) was passed through mineral embedded filter 

paper mounted in syringe filter holder at approximate flow rate of 10 mL/min and the filtrate 

effluent was immediately collected. Also, E. coli suspension was passed through Na+-

montmorillonite embedded filter and the blank filter paper without any mineral incorporated as 

comparison. Bacteria deactivation assessment was conducted by quantification of remaining 

microbial population in filtrate expressed in colony forming units (CFU).25 Briefly, the E. coli 

filtrate was diluted sequentially 10-fold with saline water (0.85% NaCl) for up to 5 times. An 
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aliquot of 100 μL was taken from each diluted solution, spread onto a pre-sterilized LB agar growth 

media, and incubated at 37°C for one day before colony counting. The microbial deactivation 

efficiency was calculated using equation: Deactivation (%)=1-Cin/Cef, where Cef is the CFU 

concentration in filtrate, Cin is the CFU concentration in E. coli suspension before filtration. All 

the treatments were prepared in triplicates.  

5.2.5 Characterization of Fe3+-Saturated Montmorillonite loaded Paper 

Different mineral blended papers and blank filter paper were sputter-coated with Pt/Pd film 

(thickness: 8 nm) and then imaged using LEO field emission scanning electron microscope (Carl 

Zeiss, LEO 1550, Oberkochen, Germany). Moreover, Fe3+-saturated montmorillonite filter paper 

after E. coli filtration and filtration sample was also examined under SEM. After passing 50 mL 

of E. coli suspension in saline (0.85% NaCl) through Fe3+-saturated montmorillonite embedded 

filter papers, the filtrate was collected and further passed through Millipore membrane filter (0.45 

µm) to retain remaining E. coli in filtrate. These samples were treated, sputter-coated in the same 

way and further examined by SEM. 

5.2.6 Dielectrophoresis Trapping Test 

E. coli filtrates after passing through Fe3+-saturated montmorillonite and Na+-

montmorillonite paper were further stained for 20 min using a live/dead viability kit (LIVE/DEAD 

Backlit, Invitrogen). E. coli cells were later centrifuged and re-suspended in saline before injected 

to PDMS-based microfluidic device. Impedance measurements for each sample were conducted 

using an impedance analyzer (Agilent HP4192A). The frequency test was in the range 50 kHz to 

950 KHz. Initial baseline impedance measurements were defined in saline solution only. 50 μL of 

E. coli suspension was introduced into each well, and impedance measurements were made for 1 

h at 37 °C. 
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5.3 Results and Discussion 

5.3.1. Effectiveness of Fe3+-saturated montmorillonite impregnated filter paper for 

deactivation of E. coli in water 

The bacteria deactivation effectiveness of Fe3+-saturated montmorillonite integrated paper 

was tested using E. coli bacteria in comparison with Na+-montmorillonite embedded paper and 

blank paper, and the results are presented in Figure 5.1. After effluent bacteria suspension passing 

through the paper, the filtrate was sampled and cultured for viable bacteria counting. Viability 

results showed that E. coli suspension filtered through blank paper did not show any CFU 

reduction and the viable bacteria remains ~100% in the effluent water (data not shown), indicating 

the original filter paper fiber structure does not filter out and eliminate bacteria from water. 

Similarly, a minor reduction (9-10%) of effluent bacteria after passing through Na+-

montmorillonite blended paper was observed, which might be due to partial adsorption onto the 

Na+-montmorillonite embedded paper. In contrast, Fe3+-saturated montmorillonite embedded 

paper manifested excellent deactivation capacity and showed 99% and 77% deactivation efficiency 

over 50 mL and 200 mL E. coli suspension, respectively. The mineral blended filter paper allows 

the direct contact of bacteria with Fe3+-saturated montmorillonite during filtration process, during 

which the bacteria cells are quickly deactivated and the inactivated bacteria are passed through the 

filter papers into the effluent. After filtration, the filter paper sheets were washed again with saline 

and only few E. coli bacteria were shown retained in both Fe3+-saturated montmorillonite and Na+-

montmorillonite paper sheets. This suggested that the primary purification mechanism is not due 

to the retention of bacteria by filtration but rather due to bacteria inactivation when they percolate 

through the Fe3+-saturated montmorillonite embedded paper. Similarly, filter sheet containing 

silver nanoparticles was reported to deactivate bacteria in effluent during simple filtration 
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process.14, 15 Fe3+-saturated montmorillonite paper has shown comparable deactivation efficiency 

to other reported antibacterial paper.26-28 

 

Figure 5.1 E. coli deactivation efficiency of Fe3+-saturated montmorillonite paper (50% loading) and 

Na+-montmorillonite paper (45% loading) for treating 50 mL and 200 mL of E. coli suspension. The 

initial E. coli (ATCC 25922) level was 3.67×108 CFU/mL. 

 

In laboratory antibacterial testing studies, bacteria concentrations are typically cultured to 

106-108 CFU per mL or higher to represent the acute case of microbial contamination in highly 

polluted stream water.29  In our study, Fe3+-saturated montmorillonite blended paper had still 

shown excellent bacteria deactivation capacity towards such high bacteria concentration. 

Considering that natural stream waters usually have much lower bacteria levels, we therefore 

expect that Fe3+-saturated montmorillonite filter paper could achieve complete bacteria 

inactivation in natural water samples. 
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Figure 5.1 also showed that Fe3+-saturated montmorillonite paper (50% loading) has the 

capacity limit of 50 mL in order to achieve almost complete E. coli inactivation.  Therefore, effect 

of mineral/paper mass ratio on E. coli deactivation efficiency of Fe3+-saturated montmorillonite 

paper was also studied (Figure 5.2). When the ratio of treated volume/Fe3+-saturated 

montmorillonite (mL/mL) decreased from 1:0.4 to 1:1.5, E. coli deactivation efficiency increased 

from 69% to 99.5% and maintained 100% at ratio of 1:3. This indicated that when treating larger 

volume of E. coli contaminated water for practical use, increasing either the size of Fe3+-saturated 

montmorillonite paper or Fe3+-saturated montmorillonite loading amount in constructing the 

composite filter paper would help improve and maintain satisfactory microbial deactivation 

efficiency.  
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Figure 5.2 Effect of mineral/paper mass ratio on E. coli deactivation efficiency of Fe3+-saturated 

montmorillonite paper. 50 mL E. coli suspension inoculated from a secondary wastewater effluent 

was used for deactivation test. The initial E. coli level in influent suspension was 1.18x106 CFU/mL. 

 

5.3.2. E. coli Deactivation Mechanisms 

5.3.2.1 Scanning Electron Micrograph 

Figure 5.3 shows photographs of Na+-montmorillonite and Fe3+-saturated montmorillonite 

impregnated paper with low (~25%) and high (~50%) loading. Compared to pure white blank filter 

paper, Na+-montmorillonite embedded paper is light gray and Fe3+-saturated montmorillonite has 

light yellow color. And the color change is more clearly visible deep with increased content of 

mineral loading (Figure 5.3). It should be noted that higher loading of Fe3+-saturated 
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montmorillonite embedded paper gets brittle, indicating the incorporation of Fe3+-saturated 

montmorillonite might have impact on the mechanical property of filter paper. 

 

Figure 5.3 Photographs of embedded filter paper loaded with Na+-montmorillonite and Fe3+-

saturated montmorillonite with 25% and 50% mineral mass loading amounts. Blank filter paper 

sheet is also displayed as comparison. 

 

The surface morphology of embedded filter paper microstructure was characterized by 

SEM. SEM micrographs of filter paper before and after Fe3+-saturated montmorillonite 

embedment are shown in Figure 5.4. SEM image of blank filter paper shows original long cellulose 

paper fibers are twisted together into dense network structure with smooth surface (Figure 5.4a). 

After Fe3+-saturated montmorillonite deposition, small mineral particles were coated over 

cellulose fiber which made fiber surface became rough (Figure 5.4b). Backscattered electrons 

detector (BSED) was also applied to scan sample of Fe3+-saturated montmorillonite embedded 

filter paper. BSE are often used to detect contrast between areas with different chemical 
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compositions. Under BSED mode, heavy elements (high atomic number) backscatter electrons 

more strongly than light elements (low atomic number), and thus appear brighter in SEM image. 

Therefore, the uniform distribution of brighter white areas in Figure 5.4c shows that Fe3+-saturated 

montmorillonite (higher atomic mass with iron) was well evenly bound to paper fiber surface 

(darker black areas, lower atomic mass with carbon), confirming successful Fe3+-saturated 

montmorillonite deposition into paper fiber matrix. The magnified images SEM images also show 

that the coated Fe3+-saturated montmorillonite particles have irregular shape with approximate size 

of 2~3 μm in diameter. The strong attachment of Fe3+-saturated montmorillonite to paper structure 

is very crucial during immobilization process. The major ingredient of softwood pulp cellulose is 

long chain polymer with hydroxyl groups that could form hydrogen bonds with the surface oxygen 

atoms of metal oxide nanoparticles.19 Therefore, Fe3+-saturated montmorillonite with surface 

oxygen atoms could be also possibly adhered to cellulose molecule without need for any further 

surface treatment. Similarly, the observed higher roughness of Na+-montmorillonite embedded 

filter paper indicated the adherence of Na+-montmorillonite particles over fiber surface (Figure 

5.4d). 
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Figure 5.4 Scanning Electron Micrograph showing (a) blank filter paper sheets; (b) Fe3+-saturated 

montmorillonite paper; (c). Backscattered electrons detector (BSED) mode of Fe3+-saturated 

montmorillonite paper; (d). Na+-montmorillonite paper. 

 

Fe3+-saturated montmorillonite embedded filter paper sample after passing through E. coli 

saline solution was also analyzed by SEM shown in Figure 5.5. The average pore size of filter 

paper was estimated over 20 μm, which therefore allow the quick flow filtration of E. coli cell 

(diameter: 1 μm, length: 2 μm). This observation also confirmed that the bacteria deactivation in 
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filtrate is not due to simple retention by paper. It is mainly due to the exposure to Fe3+-saturated 

montmorillonite instead. The remaining E. coli in filter paper was shown with significant 

morphological changes as imaged by SEM. Their cell membranes are severely damaged and 

shown as wrinkled cells. The full in-depth understanding of bactericidal action mode of Fe3+-

saturated montmorillonite blended paper sheet is still unclear. Our previous study (Chapter 4) 

showed direct evidence of bacteria membrane integrity disruption upon Fe3+-saturated 

montmorillonite exposure) and subsequent loss of viability. In general, important bacteria 

deactivation mechanisms mainly involve chemical oxidative stress mediated cell injury induced 

by in situ production of reactive oxygen species30, 31 and direct physical disruption damage to outer 

cell membranes with sharpened edges.32-34 Recent researches have shown that Fe3+-saturated 

montmorillonite could be reduced by organic phenolic compounds, forming radical cations of 

aromatic molecules and reduced Fe2+ cations.22, 23, 35, 36 The persistent radical presence in Fe3+-

saturated montmorillonite surface has been frequently reported 37-39 and these radicals can damage 

cell membrane, proteins and DNA, and even result in cell death. Therefore, we hypothesized that 

the oxidation capacity of Fe3+-saturated montmorillonite might induce oxidative stress on 

microbial cells, further destroy membrane integrity and contribute to its highly microbial 

deactivation capacity. However, better sight into the primary deactivation mechanism in this study 

still merits more investigation. 
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Figure 5.5 Scanning Electron Micrograph showing wrinkled damaged E. coli cell retained in Fe3+-

saturated montmorillonite paper. 

 

5.3.2.2 Microbial Cell Impedance Test 

The E. coli filtrates passing through Na+-montmorillonite or Fe3+-saturated 

montmorillonite paper were further sampled for dielectrophoresis (DEP) and impedance analysis. 

The experimental response of the DEP analysis as a function of the applied frequency is shown in 

Figure 5.6. After passing through Na+-montmorillonite paper, E. coli in filtrate (all alive) was 

observed with DEP trapping of 75%-78% capture efficiency over range of frequencies from 350 

kHz to 500 kHz. For untreated E. coli sample, DEP trapping efficiency was between 76%-88% 

over the same applied frequencies range. However, the trapping capacity of E. coli (100% 

deactivated by CFU counting) in filtrate after passing through Fe3+-saturated montmorillonite 

paper was zero over all applied frequencies, indicating a complete deactivation. Such change in 

DEP behavior in the tested frequency range indicated that E. coli cell membrane structure or the 

dielectric properties of the cell interior was altered after contacting with Fe3+-saturated 

montmorillonite paper. DEP and impedance analysis has been reported to selectively detect viable 

and non-viable E. coli.40 Generally, the live cells were easily trapped in DEP while the dead cells 

escaped.41 The trapping ability of live and dead microbial cells by DEP is due to differences in the 

properties of cell membrane. When the cell dies, the membrane became permeable and its 
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conductivity can be increased by four orders of magnitude.42 The conductivity of the cell 

membrane was the dominant factor determining the dielectrophoretic response of the cells.42 With 

such higher conductive cell membrane, dead cells exhibited less negative DEP than live cells at 

applied field frequencies, which contribute to much lower trapping response compared to live cells.  

 

Figure 5.6 Trapping efficiency of different E. coli samples passing through microfluidic device in 

which broad frequency range of 50-950 kHz was applied using a function generator connected to a 

power amplifier. 

 

5.4 Implication for Practical Applications 

In this study, antibacterial filter paper has been successfully prepared by incorporation of 

Fe3+-saturated montmorillonite into filter paper matrix in environmental friendly manner. It could 

serve as more affordable and effective alternative to other POU water purification methods. Our 
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study provided the basis for possible application of using such simple POU water treatment to 

disinfect microbial pathogens in poor sanitation areas. Paper-based filters are also easy to produce 

and distribute in rural communities, suggesting great potential of this low cost technology to 

provide safe drinking water at household level in resource-limiting developing countries. 

Moreover, the possible iron leaching from Fe3+-saturated montmorillonite impregnated paper 

(50% mass composite) was determined by UV absorbance at 400 nm. Iron is an essential trace 

element for human nutrition and currently no guideline value for iron in drinking water is proposed. 

Estimates of the minimum daily requirement for iron depend on age, sex, physiological status and 

iron bioavailability and range from about 10 to 50 mg/day.43 During each use for filtration of 500 

mL E. coli contaminated water, 0.13 mg Fe3+ was released into the filtered water, accounting for 

0.3% of the Fe3+ initially saturated in the montmorillonite that was impregnated into the filter 

paper. The Fe3+ leached into the water during filtration of the E coli-contaminated water could be 

a potential iron supplement to human nutrition. The health authorities commonly recommend 

drinking eight 8-ounce glasses per capita per day, which equals about 2 liters. With such water 

consumption/day, 0.52 mg of iron would be consumed per day. This is a level within the range of 

the FDA recommended daily intake of iron for an adult. 

It should be also noted that small volumes of microbial contaminated water were treated 

with Fe3+-saturated montmorillonite impregnated filter paper in this study. When this technology 

is applied in practical point-of-use field application, greater volume (~10 liters) should be tested 

with extended treatment capacity. Mineral incorporation amount on cellulose fiber surface is also 

required to be enough to provide adequate exposure to Fe3+-saturated montmorillonite during 

water percolation through paper. Also, the mechanism of their deactivation against bacteria still 

merits more investigations in future studies. Moreover, unlike general antibacterial treatment 
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materials, Fe3+-saturated montmorillonite also provides oxidative removal of phenolic organic 

compounds, which were widely studied and reported.22, 23, 36 Therefore, Fe3+-saturated 

montmorillonite imbedded filter paper also has potential to serve as a novel multifunctional water 

purifier that could achieve simultaneous and fast removal of bacteria and phenolic pollutants in 

future applications.  
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Chapter 6. Conclusion 

The removal and its mechanisms of estrogens and microorganisms from contaminanted 

water by using Fe3+-saturated montmorillonite were systematically studied. Rapid βE2 

transformation in the presence of Fe3+-saturated montmorillonite in aqueous system was detected. 

The disappearance of βE2 follows first-order kinetics while the overall catalytic reaction follows 

the second order kinetics with an estimated reaction rate constant of 200 ± 24 (mmol βE2/g 

mineral)–1h–1. The halflife of βE2 in this system was estimated to be 0.50±0.06 h. βE2 oligomers 

were found to be the major products of βE2 transformation when exposed to Fe3+-saturated 

montmorillonite. The βE2 oligomers, which are >107 times less water-soluble than βE2, can be 

settled out of the aqueous phase during wastewater treatment processes and become much less 

bioavailable and mobile than the parent compound.  The βE2 removal efficiency remained at 

>84%, even after five consecutive 5-day reaction cycles using the same batch of Fe3+-saturated 

montmorillonite and the same initial level of βE2 at each cycle. The results clearly demonstrated 

that Fe3+-saturated montmorillonite has a great potential to be used as a cost-effective material for 

effective removal of phenolic organic compounds from wastewater. 

Fe3+-saturated montmorillonite catalysis achieved highest βE2 removal efficiency at 

neutral solution pH and higher temperature. Common cations did not have impact on the reaction 

efficiency. The presence of dissolved organic matter in model water system slightly reduced βE2 

removal efficiency. Although the βE2 removal efficiencies were significantly lower when 

wastewater secondary effluents were treated with the same dosage of Fe3+-saturated 

montmorillonite, the results from this investigation suggested that increasing dosage of Fe3+-

saturated montmorillonite for more available reaction sites for βE2 would further increase the 
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removal efficiency. The laboratory batch experimental results in this study provide the evidence 

that Fe3+-saturated montmorillonite can be utilized with high stability in practical applications for 

elimination of estrogen and other phenolic pollutants in wastewater.  

This thesis also demonstrated, for the first time, the effectiveness of Fe3+-saturated 

montmorillonite for microbial deactivation in wastewater. Microbial cultural results coupled with 

the live/dead fluorescent staining assay observation strongly points to the conclusion that Fe3+-

saturated montmorillonite deactivated microorganisms in wastewater through the following two 

steps: electrostatic sorption of negatively charged microbial cells to the surfaces of Fe3+-saturated 

montmorillonite, followed by microbial deactivation due to surface-catalyzed microbial cell 

membrane disruption by the surface saturated Fe3+. Microbial deactivation efficiency was 

92±0.64% when a secondary wastewater effluent was mixed with Fe3+-saturated montmorillonite 

at 35 mg/mL for 30 min, and further reached to 97±0.61% after 4-h exposure. This deactivation 

efficiency was similar to that obtained when the same water was subjected to UV-disinfection. It 

was estimated that the ratio between wastewater microbial population and Fe3+-saturated 

montmorillonite at less than 2×103 CFU/mg would achieve >90% microbial deactivation 

efficiency. The overall results suggest that Fe3+-saturated montmorillonite could be used as a low 

cost, environmental friendly, and effective antimicrobial material for water disinfection in 

applications from small scale point-of-use drinking water treatment devices to large scale drinking 

and wastewater treatment facilities.  

Antibacterial filter paper has been successfully prepared by incorporating Fe3+-saturated 

montmorillonite into filter paper matrix in environmental friendly manner. It could serve as more 

affordable and effective alternative to other point-of-use water purification methods. Paper-based 

filters are also easy to produce and distribute in rural communities, carrying a great potential of 
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this low cost technology to provide safe drinking water at household level in resource-limiting 

developing countries. During each use for treating 500 mL Escherichia coli contaminated water, 

0.13 mg Fe3+ was released into the treated water, accounting for 0.3% of the Fe3+ initially saturated 

in the montmorillonite that was impregnated into the filter paper. This leached Fe3+ during 

filtration of the E coli-contaminated water could be a potential iron supplement to the person 

consuming the water. When it was used to treat 50 mL and 200 mL water spiked with live E. coli 

cells at 3.67×108 CFU/mL, the Fe3+-saturated montmorillonite impregnated filter paper with 50% 

of mineral/paper weight percent loading deactivated 99% and 77% of spiked E. coli living cells, 

respectively. When the ratio of treated volume/Fe3+-saturated montmorillonite (mL/mL) decreased 

from 1:0.4 to 1:1.5, E. coli deactivation efficiency increased from 69% to 99.5% and maintained 

100% at ratio of 1:3 when treating 50 mL water spiked with E. coli at 1.18×106 CFU/mL was 

passed through. Dielectrophoresis (DEP) and impedance analysis of E. coli filtrate also confirmed 

that the deactivated E. coli passing through Fe3+-saturated montmorillonite filter paper did not 

have trapping response (mainly dead) to DEP due to higher membrane permeability and 

conductivity. Overall, Fe3+-saturated montmorillonite embedded filter paper also has potential to 

serve as a novel multifunctional water purifier that could achieve simultaneous and fast removal 

of bacteria and phenolic pollutants in future applications.   
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Appendix 

 

Appendix Table S1.  Coordinates of βE2, eight dimer isomers, and five trimer 

isomers  

 

βE2 

C     4.65714   -0.27300    0.16019 

C     4.04124   -1.48961   -0.14263 

C     2.66830   -1.52026   -0.35786 

C     1.86433   -0.37034   -0.27802 

C     2.49972    0.85132    0.02060 

C     3.88383    0.88383    0.23602 

H     4.64400   -2.39005   -0.20720 

H     2.21400   -2.47606   -0.59840 

C     0.36130   -0.43221   -0.56780 

C     1.72472    2.15263    0.14339 

H     4.36233    1.83634    0.46625 

C     0.31414    2.07922   -0.44781 

C    -0.38659    0.79693    0.01534 

C    -0.31049   -1.76079   -0.14497 

C    -1.86099    0.71057   -0.38446 

C    -1.82445   -1.79401   -0.44593 

C    -2.55378   -0.57455    0.14020 

C    -3.98016   -0.33133   -0.39646 

C    -2.83851    1.84668   -0.01459 

C    -4.24278    1.17820   -0.12097 

H    -3.96655   -0.50554   -1.48552 

O    -4.92030   -1.21163    0.20983 

C    -2.59808   -0.66743    1.68152 

H    -3.05161    0.21695    2.14004 

H    -3.20120   -1.53067    1.97679 

H    -1.60141   -0.78610    2.11552 

H    -4.80449    1.27151    0.81467 

H    -4.85513    1.62893   -0.91048 

H    -2.65472    2.20852    1.00416 

H    -2.73759    2.71073   -0.67914 

H    -1.87889    0.63419   -1.48585 

H    -0.31416    0.76006    1.11339 

H    -2.25845   -2.72720   -0.06519 

H    -1.96956   -1.80368   -1.53664 

H     0.15766   -2.60091   -0.66993 
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H    -0.12848   -1.93373    0.92353 

H     0.23937   -0.36046   -1.66363 

H     0.36268    2.09064   -1.54654 

H    -0.25567    2.96709   -0.14798 

H     1.64861    2.41792    1.20918 

H     2.29482    2.96557   -0.32502 

O     6.01164   -0.27634    0.36541 

H     6.29799    0.62817    0.56627 

H    -5.78759   -1.03345   -0.18457 

 

Dimer 7-3’ 

C     4.65714   -0.27300    0.16019 

C     4.04124   -1.48961   -0.14263 

C     2.66830   -1.52026   -0.35786 

C     1.86433   -0.37034   -0.27802 

C     2.49972    0.85132    0.02060 

C     3.88383    0.88383    0.23602 

H     4.64400   -2.39005   -0.20720 

H     2.21400   -2.47606   -0.59840 

C     0.36130   -0.43221   -0.56780 

C     1.72472    2.15263    0.14339 

H     4.36233    1.83634    0.46625 

C     0.31414    2.07922   -0.44781 

C    -0.38659    0.79693    0.01534 

C    -0.31049   -1.76079   -0.14497 

C    -1.86099    0.71057   -0.38446 

C    -1.82445   -1.79401   -0.44593 

C    -2.55378   -0.57455    0.14020 

C    -3.98016   -0.33133   -0.39646 

C    -2.83851    1.84668   -0.01459 

C    -4.24278    1.17820   -0.12097 

H    -3.96655   -0.50554   -1.48552 

O    -4.92030   -1.21163    0.20983 

C    -2.59808   -0.66743    1.68152 

H    -3.05161    0.21695    2.14004 

H    -3.20120   -1.53067    1.97679 

H    -1.60141   -0.78610    2.11552 

H    -4.80449    1.27151    0.81467 

H    -4.85513    1.62893   -0.91048 

H    -2.65472    2.20852    1.00416 

H    -2.73759    2.71073   -0.67914 

H    -1.87889    0.63419   -1.48585 

H    -0.31416    0.76006    1.11339 

H    -2.25845   -2.72720   -0.06519 

H    -1.96956   -1.80368   -1.53664 

H     0.15766   -2.60091   -0.66993 
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H    -0.12848   -1.93373    0.92353 

H     0.23937   -0.36046   -1.66363 

H     0.36268    2.09064   -1.54654 

H    -0.25567    2.96709   -0.14798 

H     1.64861    2.41792    1.20918 

H     2.29482    2.96557   -0.32502 

O     6.01164   -0.27634    0.36541 

H     6.29799    0.62817    0.56627 

H    -5.78759   -1.03345   -0.18457 

 

Dimer 3-7’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 
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H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 
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H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Dimer 3-3’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 
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H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 
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H    -2.76523   -1.18719    1.44696 

 

Dimer 1-3’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 
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H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Dimer 7-7’ 

C     7.24948   -2.43861   -1.91044 



128 
 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 
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C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Dimer 1-7’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 
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C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 
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C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Dimer 3-1’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 
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C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 
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C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Dimer 7-1’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 
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C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 
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C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

 

Trimer 7-3’, 3-3’’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 
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C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 
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C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Trimer 3-3’, 7-7’’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 
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H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 
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H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Trimer 7-3’, 3-7’’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 
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H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 
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H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Trimer 7-7’, 3-3’’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 
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H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 

H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 
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H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 

H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

Trimer 3-3’, 7-3’’ 

C     7.24948   -2.43861   -1.91044 

C     7.80535   -1.83593   -0.58759 

C     6.54536   -1.42282    0.20153 

C     5.71700   -0.79639   -0.94972 

C     5.83250   -1.81741   -2.10226 

C     6.76356   -0.34915    1.27824 

C     5.43067    0.25743    1.76644 

C     4.53386    0.76933    0.61319 

C     4.34280   -0.30050   -0.49411 

C     3.49760    0.30753   -1.61628 

C     2.08656    0.64108   -1.12152 

C     2.04351    1.29626    0.25180 

C     3.18852    1.33817    1.07975 

C     0.80964    1.82553    0.70057 

C     0.73592    2.41893    1.97417 

C     1.86727    2.47901    2.78777 

C     3.06810    1.94234    2.33799 

O    -0.47010    2.92841    2.37083 

C     5.89485   -2.68017    0.81924 

O     8.62191   -2.72461    0.16721 

H     1.80822    2.94092    3.77207 

H     3.92885    2.00101    2.99536 

C    -0.43129    1.75760   -0.13653 

H     8.37639   -0.92034   -0.81656 

H     5.66651   -3.44305    0.06827 

H     6.58457   -3.13056    1.53870 

H     4.96271   -2.44789    1.34162 

H     7.19962   -3.52778   -1.80556 

H     7.91177   -2.22648   -2.75762 

H     5.05455   -2.58609   -2.02575 

H     5.71475   -1.34629   -3.08319 

H     6.27765    0.09896   -1.27075 
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H     3.77878   -1.14626   -0.07115 

H     7.31839   -0.75898    2.13159 

H     7.38675    0.45372    0.85649 

H     5.66759    1.08045    2.45025 

H     4.87266   -0.47788    2.36007 

H     5.09006    1.59418    0.13291 

H     3.99342    1.21724   -1.98638 

H     3.42536   -0.37726   -2.46981 

H     1.48782   -0.28047   -1.08063 

H     1.58117    1.28153   -1.85188 

H    -0.36759    3.30630    3.25828 

H     9.40633   -2.92829   -0.36454 

C    -1.42838    0.80941    0.10870 

C    -2.61051    0.73025   -0.64016 

C    -2.78528    1.65564   -1.69071 

C    -1.79729    2.61053   -1.94684 

C    -0.63558    2.67266   -1.18241 

H    -1.25950    0.11337    0.92370 

C    -3.65347   -0.35671   -0.36157 

C    -4.04257    1.67849   -2.54268 

H    -1.92559    3.33112   -2.75071 

O     0.29046    3.63062   -1.49906 

H     0.99778    3.58611   -0.83191 

C    -4.90230    0.41826   -2.40235 

C    -5.04753    0.03426   -0.92506 

C    -3.73356   -0.79039    1.12197 

C    -6.02067   -1.12067   -0.67524 

C    -4.80329   -1.87263    1.37983 

C    -6.17832   -1.46363    0.82888 

C    -7.21330   -2.60301    0.72370 

C    -7.47041   -1.04848   -1.20161 

C    -8.23182   -2.10289   -0.34216 

C    -6.77054   -0.31048    1.66864 

H    -7.72225    0.05294    1.26796 

H    -6.96149   -0.66269    2.68637 

H    -6.09244    0.54508    1.72799 

O    -7.78821   -2.90189    1.99156 

H    -6.69422   -3.49706    0.33876 

H    -8.40487   -3.63950    1.86849 

H    -8.61516   -2.93091   -0.94964 

H    -9.08988   -1.65809    0.17339 

H    -5.56648   -2.01276   -1.14129 

H    -5.40478    0.92478   -0.38502 

H    -3.34920   -1.25487   -0.92881 

H    -7.89230   -0.04706   -1.05510 

H    -7.53196   -1.26279   -2.27338 
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H    -4.44304   -0.41798   -2.95009 

H    -5.88444    0.59157   -2.85878 

H    -3.77177    1.84336   -3.59357 

H    -4.64536    2.55232   -2.25137 

H    -4.86313   -2.08861    2.45406 

H    -4.48993   -2.80672    0.88977 

H    -3.92211    0.09171    1.74704 

H    -2.76523   -1.18719    1.44696 

 

 

 

 

 

 


