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Abstract

This study examines the effects of Pseudomonas aeruginosa (PAO1) biofilm,
with a concentration of cells similar to that reported for saturated aquifers, on
the transport of poly(acrylic acid) stabilized nanoscale zero valent iron (pnZVI)
in 14 cm long, saturated, laboratory packed columns, with ionic strengths
(ISs) of 1 and 25 mmol NaCl. With biofilm, the retention of pnZVI increased
with higher solution IS, while IS played no role in the retention of nanopar-
ticles without biofilm. However, the Tufenkji-Elimelech correlation equation
predicts 5% less pnZVI collisions in biofilm coated columns due to a sixfold
reduction of the Hamaker constant. Also, DLVO energy considerations predict
the most favorable attachment for uncoated porous media at the higher IS.
Reasons for the disagreement between theory and experiment are shown to
be due to the non-ideality of the biofilm system. This research indicates that
current laboratory studies underestimate nanoparticle transport distances in

the subsurface.
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Chapter 1

Introduction

1.1 Overview

Nanotechnology is at the forefront of the recent advances in materials technol-
ogy. With sizes of less than 100 nm, nanoparticles have uniquely large surface
area to volume ratios, and are thus highly reactive. Recently, there have been
many studies regarding the cost effective in-situ remediation of otherwise dif-
ficult contaminants by using iron nanoparticles. Due to the high reactivity
of these particles, their transport to the contamination zone can be difficult.
However, by using surface modifications, many methods for increasing their
mobility have been recently proposed.

Modeling the effects of various surface modifications on the transport of
these nanoparticles is a very important aspect of current research. However,
the transport effects of the abundant, naturally occurring microbiological pop-
ulations found in the subsurface have been largely ignored, and will be the topic

of this dissertation.



1.2 Objectives

The objective of these experiments is to better understand the effects of mi-
crobial populations on the transport of commercially available, stabilized ze-

rovalent iron nanoparticles. Specifically, the objectives are to:

e Experimentally verify the surface coating used on commercially available

stabilized zerovalent iron nanoparticles.
e Examine the effects of bacteria on the transport of these nanoparticles.

e Compare the measured transport characteristics to those predicted by

commonly used theories.

e Suggest reasons for any discrepancies between predicted and measured

transport.

1.3 Organization of the Dissertation

Following this introduction, Chapter 2 will provide a summary of common
theories and recent publications on the history of iron nanoparticle use for re-
mediation, discuss microorganisms and their formation and prevalence in the
environment, and introduce common colloid filtration models and an interac-
tion energy model that have been used to help interpret filtration results.
Chapter 3 will introduce the various laboratory equipment used, and briefly
describe the theories and mechanisms by which they work. The materials used
and their characterizations will also be introduced, as will the filtration and

energy models used.



In Chapter 4 the results of the characterizations and models will be pre-
sented, and will be discussed individually. Chapter 5 will be a discussion about
the interpretation of the collective results. Finally, Chapter 6 will focus on the

implications of this experiment, and suggest future directions for research.



Chapter 2

Literature Review

2.1 Nanoparticles

Due to their special properties, specifically small size, and large surface area
per unit mass, nanoparticles have been recently exploited for a wide array
of applications. Consumer products using the term “nanotechnology” in their
marketing include stain resistant clothing, transparent sunscreens, paints, sports
equipment, and self cleaning glass, among many others (Doyle, 2006). Ta-
ble 2.1, adapted from Nyer and Vance (2001), shows how rapidly the decrease

in size of a smooth spherical particle effects the surface area per mass.

2.2 Environmental Application of Nanoparti-

cles

Environmental applications of nanotechnology have recently been exploited in

the field of contaminant remediation, with ongoing research readily confirm-
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Table 2.1: The resulting surface area per mass of a spherical particle based on
the diameter.

Diameter Surface Area (m?/g)
100 microns 0.00076

10 microns 0.076

1 micron 0.76

100 nanometers 7.6

50 nanometers 15.3

10 nanometers 76.3

ing new remediation potential of a variety of nanoparticles (Amir and Lee,
2011; Ambashta and Sillanpaa, 2011; Kanel et al., 2011). However, due to
the well developed science surrounding millimeter scale zerovalent iron (ZVI)
remediation technologies (e.x. Cantrell et al., 1995; Puls et al., 1999; Su and
Puls, 2003), the specific use of nanoscale ZVI (nZVI) is the most widespread

(Zhang, 2003).

2.3 Nanoscale Zerovalent Iron

Research into the use of ZVI for environmental remediation purposes has been
ongoing since Gillham and O’Hannesin (1994) demonstrated its applicabil-
ity for the in-situ degradation of halogenated methanes, ethanes and ethenes.
That study, as well as subsequent investigations, have revealed that degrada-
tion rates tend to improve with an increase in the available surface area of
iron per volume of treatment solution (Ponder et al., 2000; Wang and Zhang,
1997). These studies further directed research into investigating the use of

nZVI for in-situ immobilization of heavy metals (Xu and Zhao, 2007), degra-



dation of trichloroethene (TCE) and polychlorinated biphenyls (PCBs) (Wang
and Zhang, 1997) as well as the reduction of many other compounds, as shown

in the non-exhaustive list in Table 2.2, adapted from Zhang (2003).

Table 2.2: Some common environmental contaminants that can be transformed
by nanoscale iron particles.

Chlorinated methanes Trihalomethanes
Carbon tetrachloride Bromoform
Chloroform Dibromochloromethane
Dichloromethane Dichlorobromomethane
Chloromethane Chlorinated ethenes
Chlorinated benzenes Tetrachloroethene
Hexachlorobenzene Trichloroethene
Pentachlorobenzene cis-Dichloroethene
Tetrachlorobenzenes trans-Dichloroethene
Trichlorobenzenes 1,1-Dichloroethene
Dichlorobenzenes Vinyl chloride
Chlorobenzene Other polychlorinated hydrocarbons
Pesticides PCBs
DDT Dioxins
Lindane Pentachlorophenol
Organic dyes Other organic contaminants
Orange 11 N-nitrosodimethylamine
Chrysoidine TNT
Tropaeolin O Inorganic anions
Acid Orange Dichromate
Acid Red Arsenic
Heavy metal ions Perchlorate
Mercury (II) Nitrate
Nickel (II)
Silver (I)

Cadmium (II)

2.3.1 Remediation of Specific Contaminants

A small sample of the research and mechanisms by which nZVI has been

used for the remediation of sites contaminated by chromium and halogenated



compounds is presented.

Chromium

The U.S. EPA (1998a) classifies hexavalent chromium [chromium (VI)] as a
toxic substance. Oral ulcers, diarrhea, abdominal pain, indigestion, vomiting,
leukocytosis, and the presence of immature neutrophils are some of the neg-
ative health effects seen after consumption of this compound in high doses
(Zhang and Li, 1987). Leaching of chromium into drinking water is the major
exposure pathway for humans. Thus, reducing the mobility of this metal in
contaminated soils is viewed as an effective remediation tool (Czupyrna et al.,
1992). Previously, studies have focused on adding immobilizing chemicals to
soil such as synthetic zeolites, like crystalline alumino silicates (Oste et al.,
2002). Studies have also shown that chromium (VI) can be reduced to the
less mobile, and less toxic chromium (IIT) form (U.S. EPA, 1998b) by iron (II)
oxidation (Seaman et al., 1999).

More recently, research has been done using zerovalent iron to reduce
chromium (VI) to chromium (III) via Equation (2.1), and ultimately form-

ing precipitates via Equations (2.2) and (2.3) (Lo et al., 2006).

CrO; + Fe® + 4H,0() «— Or*" + Fe*t +80H~ (2.1)

(1 —2)Fe’t +2Cr®t + 3Hy0) «— (CrpFei—,)(OH )3 +3HT  (2.2)



(1 —2)Fe*™ +2Cr®" + 2H,0() «— CryFei_,OOH ) + 3H™ (2.3)

The applicability of nanosized particles for chromium reduction by zerova-
lent iron is best described through the kinetics shown in Equation (2.4) (Ponder

et al., 2000).

v =kAs[Me] (2.4)

Here, v is the reaction rate, k is the rate constant, A, is the specific sur-
face area of the iron and [Me| is the metal concentration. From the above
equation, it is clear that smaller particles, having larger specific surface areas
(see Table 2.1), greatly increase the rate of reaction. Utilizing this increase
in reactivity, current research into chromium remediation using ZVI is being
conducted with nanosized particles.

Many studies have thus far quantified the capacity of nZVI to reduce
chromium (VI). In a study conducted by Li et al. (2008), wastewater sam-
ples were obtained from a Newark, New Jersey chromium ore process residue
site, containing a chromium (VI) concentration of 10 900 pg/L. Batch exper-
iments were conducted using concentrations of nZVI ranging from 0.25 to 25
g/L for reduction of hexavalent chromium to the less toxic form of trivalent
chromium. The nZVI exhibited a reduction capacity of up to 180 mg Cr/g
nZVI, or 50 — 70 times that of microscale iron (Cao and Zhang, 2006).

The above results have lead the way for further investigation into the poten-



tial of both in situ and ex situ nZVI applications. Xu and Zhao (2007) were one
of the first to investigate the use of carboxy-methyl cellulose (CMC) supported
nZVI (He et al., 2007) for in situ reductive immobilization of chromium (VI)
in sandy loam soil. The effectiveness of the CMC-supported nZVI on immo-
bilizing the chromium was measured by the Toxicity Characteristic Leaching
Procedure (TCLP; U.S. EPA, 2003) and the California Waste Extraction Test
(WET; State of California, 2005). The TCLP and WET tests indicated total
chromium elution reductions of 90 % and 76 %, respectively. Also, the eluted
chromium was all in the form of the less toxic chromium (IIT).

Another experiment, by Franco et al. (2009), used a packed bed column
reactor to test stabilized (with CMC) nZVI on the removal of chromium (VI)
from contaminated soil. The soil used was “frank clay sandy texture” from
a Brazilian industrial waste landfill, with a contamination of 456+35 mg/kg
chromium (VI). From a column reactor test, treated with simulated ground
water (SGW), and a 1:4 and 1:8 molar ratio of [Cr(VI)]:[nZVI], results in-
dicated that in order to bring the Cr(VI) concentrations down to the 0.05
mg/L Brazil regulated level for total chromium, approximately 3.0 and 1.5
pore volumes (PVs) were needed for the 1:4 and 1:8 [Cr(VI)]:[nZVI] molar
ratios, respectively. In comparison, greater than 35 PVs of the SGW were

needed to achieve this reduced concentration.

Halogenated Compounds

Historically, treating non-volatile halogenated organic compounds has been

a costly, ex-situ process. For example, applicable treatment technologies for



PCBs include excavation and treatment via soil washing, thermal desorption
(TD), or solvent extraction (Lowry and Johnson, 2004). The costs associ-
ated with treating this type of contamination are clearly illustrated by the
approximate half a billion dollar estimate (not including capital costs) placed
on drudging and treating the 2.7 million cubic yards of sediment contaminated
by PCBs in the Upper Hudson River (U.S. EPA, 2000).

Research into dehalogenation of halogenated compounds using iron has
been underway for years. The reaction between ZVI and chlorinated com-
pounds is described by Equation (2.5) (Zhang et al., 1998). As one of the first
examples, Senzaki and Kumagai (1988, 1989) showed via column and batch
reactors that TCE and 1, 1, 2, 2-Tetrachloroethane could be effectively treated
with iron powders. Subsequently, Senzaki (1991) discovered that the surface

area of the iron appeared to have the biggest impact on the reaction rate.

C.H,Cl,+zH" + 2Fe? — CyHy. . + 2Fe*t + 201~ (2.5)

Another study, by Satapanajaru et al. (2008), examined the use of ZVI, and
nZVTI on the dechlorination of atrazine (2-chloro-4ethylamino-6-iso-propylamino-
1,3,5-triazine) in soil. They spiked Marb Bon Series soil from eastern Thailand
with atrazine to get a concentration of 20 mg atrazine per kg of soil. The sam-
ples were composed of 2 g of either ZVI or nZVI, with 20 g of the contaminated
soil. The nZVI treated soil showed an atrazine removal efficiency of 5248 %,
substantially higher than the 20411 % removal efficiency measured for the

larger ZVI.

10



The applicability of adding nZVI to existing ex situ soil treatments has
also been extensively studied. For example, TD is a common process used
for treating PCBs (Norris et al., 1999). Due to the high temperatures needed,
Varanasi et al. (2007) looked at the effects of adding nZVI into the TD process
in order to make it more economical. They first found that mixing PCB
contaminated soils with nZVI at room temperatures did not cause a significant
amount of PCB destruction. This was likely due to the slow transfer of PCBs
from the soil to the iron surface. However, by adding nZVI to the contaminated
soil before TD (the most cost effective ratio was found to be 0.1 g nZVI per
10 g soil), the required temperatures at which this process was successful at
dechlorinating the PCBs to biphenyl was lowered from approximately 800°C

to 300°C.

2.4 nZVI Transport

Although vast gains in degradation rates of a plethora of contaminants were
realized through the higher surface area, and hence reactivity of nZVI (Cao
and Zhang, 2006; Wang and Zhang, 1997), the new problem that needed to be
addressed by researchers was the reduction in transport distances, due to their
tendency to agglomerate (Schrick et al., 2004). Several different methods have
been proposed to increase transport distances while maintaining reactivity,
enabling the nZVI injections to penetrate into contaminated zones, thereby
allowing for efficient degradation. Starch (He and Zhao, 2005), sodium-CMC

(He et al., 2007), poly(acrylic acid) (PAA) (Schrick et al., 2004), hydrophilic

11



carbon (Schrick et al., 2004), polyoxyethylene sorbitan monolaurate (Kanel
et al., 2007), cetylpyridinium chloride (Chen et al., 2004), PolyFlo resin Fer-
ragels (Ponder et al., 2000), oil/surfactant mixtures (Quinn et al., 2005) and
others have been used to stabilize or support nZVI, with variable effects on

their reactivity (Saleh et al., 2007).

2.4.1 Transport Models

In order to help explain, and therefore predict the transport of various versions
of stabilized nZVI (snZVI) in saturated subsurface environments, authors have
relied upon classical colloid filtration theory (CFT). The specifics of CFT, as
well as the current form most commonly used for modeling transport through
saturated porous media, will be introduced in the following sections followed

by a brief summary of some recent studies utilizing this theory.

Beginnings of Colloid Filtration Theory

The theory of colloid filtration was first introduced by Yao et al. (1971)
whereby the transport mechanism of smaller particles was determined to be
through Brownian motion (diffusion), and the transport of larger particles was
ascertained to be governed by interception and settling. This work was fur-
ther developed by Rajagopalan and Tien (1976), this time utilizing the Happel
sphere in cell model (Happel, 1958), whereby the porous media is assumed to
be a collection of identical spheres surrounded by a frictionless fluid. The
major advance of Rajagopalan and Tien (1976) was to propose a closed form

expression for single collector efficiency (R-T model).

12



Current CFT Model

More recently, Tufenkji and Elimelech (2004a) noted that the R-T model broke
down in most environmentally relevant conditions due to the omission of van
der Waals and hydrodynamic interactions for small particles filtered in the
diffusion dominated regime. These authors developed a new closed form ex-
pression for single collector contact efficiency (1), the T-E model, based on
rigorous regression analysis of numerical solutions of the convection diffusion
equation and an assumption of additivity of particle deposition due to dif-
fusion, interception and gravity shown as respective dimensionless terms in
Equation (2.6) (Tufenkji and Elimelech, 2004a). Each component of Equa-

tion (2.6) is expanded in Equations (3.5) to (3.10) in Chapter 3.

no = 2.4A}q/3N§0‘081N§£'715N3d%‘5/2 +0.55ASN}2~675N2,~125+0.22N§°~24N5“N3;%§,3
(2.6)

The T-E equation has been found to be in agreement with previous data
for which electrical double layer (EDL) interactions were not significant. The
published data covered an array of different particle sizes (0.1 to 4 um), collec-
tor diameters, and approach velocities for latex particles using glass beads as
collectors (Tufenkji and Elimelech, 2004a). The equation has also been repeat-
edly used in the literature for a variety of 50 nm particles (Schrick et al., 2004;
Hydutsky et al., 2007; Pelley and Tufenkji, 2008). However, a commonality of

CFTs, including the T-E equation, is their inability to predict colloid removal

rates in environmentally relevant systems, due to unfavorable repulsive condi-

13



tions related to the particle and collector surface charge, and possibly other,
less well understood phenomena such as steric forces (Saleh et al., 2008). Thus,
the actual single collector removal efficiency [, Equation (2.7)] for a particular
setup can be found through laboratory scale column tests by finding an em-
pirical attachment efficiency [, Equation (2.8)] using parameters of collector
diameter (d.), porosity (f), column length (L), and ratio of influent and effluent
particle concentrations (C/Cy). Finally, the particle deposition rate coefficient
[kq, Equation (2.9)] and filter coefficient [\, Equation (2.10)] are measures of
filtration, utilizing calculated and measured values of 79 and «, and the fluid

approach velocity (U), that are commonly used in transport studies.

1= ai (2.7)

o= —52), 0 _djj_f) =In(C/Ch) (2.8)
kg = ;’“d:ff) Uano (2.9)

A —‘;’(1 ;Cf)omo (2.10)
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2.4.2 Particle—Collector Interaction Model
Derjaguin-Landau-Verwey-Overbeek (DLVO) Model

It has been reported that CFT breaks down in the presence of repulsive
Derjaguin-Landau-Verwey-Overbeek (DLVO) (Derjaguin and Landau, 1941;
Verwey, 1947) forces (e.x. Saleh et al., 2008). DLVO theory proposes that
the interaction of two bodies is governed by the summation of electrostatic
(repulsive or attractive) and universal van der Waals (attractive) forces. The
governing relations are shown and described in Equations (3.11) to (3.14) and
Table 3.2 in Chapter 3.

Tufenkji and Elimelech (2005) showed that using DLVO energy profiles (an
example can be seen in Figure 4.7 in Chapter 4), a repulsive barrier to particle
deposition is seen at all but very high ionic strengths (ISs). Those authors
also showed that there exists, at lower IS, a secondary energy minimum at a
distance greater than the repulsive barrier. Particles overcoming the energy
barrier and those getting stuck in the secondary energy minimum are said to
attach to the collector via “slow” and “fast” deposition, respectively (Tufenkji
and Elimelech, 2004b). The DLVO energy profiles of larger particles tend
to show higher energy barriers, as well as deeper secondary minima when
compared to smaller ones.

Under some circumstances, research has shown that deposition of colloids
in secondary energy minima could explain deviations from CFT (Tufenkji and
Elimelech, 2005; Redman et al., 2004) for latex particles as small as 63 nm.

DLVO energy considerations will be used when interpreting data from this
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experiment.

2.4.3 Current Research Utilizing CFT

In order to discuss the application of transport results from laboratory tests
to the real subsurface, several authors have relied on CFT. Saleh et al. (2008),
determined the relative abilities of different stabilizers (poly(methacrylic acid)-
b-(methyl methacrylate)-b-(styrene sulfonate) triblock copolymer, polyaspar-
tate biopolymer and sodium dodecyl benzene sulfonate surfactant) to improve
transport of nZVI, while He et al. (2009) examined the use of CMC as a sta-
bilizer for nZVI. Both of these studies, using predictions of 7y from the T-E
model, and experimentally determined values of «, found the filtration lengths
needed to remove 99% of the modified particles by rearranging Equation (2.8).
Caveats regarding the actual application of these filtration lengths to field
applications were discussed by Saleh et al. (2008) regarding unconsolidated
aquifers, variations in injection velocities and the higher nZVI concentrations
typically used for remediation.

Another study, conducted by Kanel et al. (2007) investigated, among other
parameters, the transport of non-ionic surfactant Tween 20 (polyoxyethylene
sorbitan monolaurate) modified nZVI through various porous media. This
study again used predictions of 7y from the T-E model, as well as elution
experiments to obtain experimental values of a which were subsequently com-
pared to « values from other studies.

Lastly, Schrick et al. (2004) investigated the transport effects of anionic

hydrophilic carbon and PAA supported nZVI on various soils through elu-
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tion tests. Utilizing the eluted values of nZVI, in conjunction with 7, values
predicted from the T-E model and Equation (2.10), filtration lengths were de-
termined, with caution urged due to the inhomogeneity of collector grain sizes

in natural systems.

2.5 Microbial Populations in the Subsurface

One similarity between the previous nZVI transport studies is their inattention
to the biological aspect of the soil matrix. For example, in-situ bioremedia-
tion, a remediation technology whose use was first documented in the 1970’s
(Pardieck et al., 1992), relies on the use of microorganisms naturally occurring

in the contaminated soils.

2.5.1 Microbial Prevalence

Studies have estimated the number of viable bacterial cells in various saturated
aquifers to be on the order of 10° to 107 colony forming units (CFUs) per
gram of dry weight of soil (CFU/gdw) (Balkwill and Ghiorse, 1985; Bone and
Balkwill, 1988; Wilson et al., 1983; Webster et al., 1985). However, in nearly
all natural systems, bacteria are not present as single (planktonic) cells, but

rather as microbial communities in a biofilm (Watnick and Kolter, 2000).

2.5.2 Biofilm

Biofilm is a complex aggregation of bacterial cells and secreted extracellular

polymeric substances (EPS) that provides advantageous living conditions to
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the bacteria. Inside of a biofilm, bacteria have been shown to acquire an
increased resistance to toxic substances (Costerton et al., 1987), potentially
due to the protective EPS layer, or the rapid intercellular exchange of genetic
materials occurring within the biofilm (Watnick and Kolter, 2000). In natural
systems, biofilms are usually formed as an aggregate of bacterial species, and
have complex, heterogeneous structure (Costerton et al., 1999). Biofilms have
even been likened to the tissues of higher organisms due to their complex

structure (Costerton et al., 1995).

2.5.3 Biofilm Formation

Biofilm growth patterns have been shown to be highly variable and dependent
on environmental conditions including available bacteria, flow rate, nutrient
availability, pH, temperature and others (Hall-Stoodley and Stoodley, 2005).
Thus, every natural system will have its own unique biofilm properties. It is
generally believed that surfaces with increased roughness and hydrophobicity
will form biofilm more quickly. However, in aquatic systems, the surface will
become covered with a conditioning film composed mainly of proteins present
in the environment, therefore governing the interactions with bacteria (Don-
lan, 2001). The bacterial surface composition also plays an important role in
the initial attachment, with properties such as the presence of flagella (Korber
et al., 1989) and fimbrea (Rosenberg et al., 1982), as well as surface hydropho-
bicity (Waldvogel and Bisno, 2000) affecting attachment. The basic principle
of biofilm formation, illustrated in Figure 2.1, is thought to follow the following

steps:
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1. Initial attachment to surface

2. Irreversible attachment to surface

3. Micro-colony formation

4. Macro-colony formation

5. Release of planktonic cells

Figure 2.1: The steps of biofilm development. Courtesy, Montana State Uni-
versity Center for Biofilm Engineering, P Dirckx.

2.5.4 Extracellular Polymeric Substances

EPS is a combination of carbohydrates, proteins, lipids, nucleic acids and var-
ious heteropolymers that are secreted by bacterial cells (Christensen, 1989).
These secretions, along with the bacterial cells, make up the protective layer

that is biofilm. EPS production and composition is highly varied between
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different bacteria, and even different strains of the same bacteria. For exam-
ple, the EPS of Pseudomonas aeruginosa strain PAO1 (used in this study) is
mainly composed of carbohydrates, while strain PDO300 excretes EPS con-
sisting of mainly uronic acid (Liu and Li, 2008). The main purpose of EPS is
not solely for protection from outside factors, but can also be used as a sub-
strate for bacterial growth in nutrient deficient conditions, as shown by Zhang

and Bishop (2003) for the native EPS producers, as well as other bacteria.

2.5.5 Pseudomonas aeruginosa (PAO1)

P. aeruginosa is a rod shaped, Gram-negative bacteria, measuring approx-
imately 1.5pum by 0.5um, that is readily found in natural aquatic systems,
including marine habitats, plant tissues and soils (Hardalo and Edberg, 1997).
This bacteria is regarded as a human pathogen and has been identified as
a main culprit in burn infections and in the lungs of cystic fibrosis patients
(Smith and Iglewski, 2003). P. aeruginosa is generally considered to be an aer-
obic respirator. However, biofilms of this bacteria have recently been shown to
be able to grow and thrive in certain anaerobic conditions (Yoon et al., 2002).

The PAOL1 strain is the most common form of P. aeruginosa used in labo-
ratory tests (Klockgether et al., 2010). Due to the prevalence of this bacteria,
current research interests range from its response to conditions occurring in
spaceflight (Crabbe et al., 2011) to environmental variables affecting its use in
metal immobilization applications (Hunter et al., 2010). Figure 2.2 shows a
scanning electron microscope (SEM) image (Hitachi SEM S-2500), taken from

this study, of P. aeruginosa (PAO1) bacterial cells, grown on glass beads and

20



enmeshed in a biofilm (information on the processing of this sample can be

found in Chapter 3).

Figure 2.2: SEM image (Hitachi SEM S-2500) of P. aeruginosa bacterial cells
enmeshed in biofilm from this study.

A possible explanation for the ubiquity of this bacteria in nature is its
6.3 million base pair genome (strain PAO1), with its length and complexity
allowing for evolutionary adaptations that have enabled, among other things,
increased resistance to antibiotics (Stover et al., 2000). However, due to the
breadth of its genome, research is also being conducted into the identification
and exploitation of genes associated with increasing the bacterium’s suscepti-

bility to antibiotics (Chen et al., 2010).
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2.6 Knowledge Gap

The presence of biofilm in the real subsurface environment complicates the
ideal situation of filtration modeled in CFT. At the time of writing, the au-
thors know of only one other study that investigates the transport of engineered
nanoparticles (Cgp) through biofilm coated porous media (Tong et al., 2010),
with results indicating that DLVO forces did not accurately describe the find-
ings. Due to the ongoing research into the use of snZVI for environmental
remediation, as well as the dependence of that research on the use of CFT, the
effects of biofilm on the transport characteristics of commercially available,
PAA stabilized nZVI (pnZVI) is the focus of this current study. The analysis
will attempt to explain the relative attachment efficiencies («) obtained from
the breakthrough curves of pnZVI injections, for both uncoated and biofilm
coated saturated porous media, for solution ISs of 1 and 25 mmol NaCl.

In an attempt to explain the differences in observed pnZVI transport
through biofilm coated porous media, DLVO energy considerations will also
be used. We find that the presence of biofilm hinders the transport of pnZVI
through saturated porous media, and these results are not predicted by the

T-E model, or explained by DLVO energy considerations.
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Chapter 3

Methodology

3.1 Materials

3.1.1 Chemicals and Reagents

For these experiments, all basic laboratory chemicals (HCIl, NaOH etc.) were
at least A.C.S. grade, and all water was ultra pure, from an Elga Maxima
dispenser. Growth media was sterilized by autoclaving at 121°C for at least 15
minutes and allowed to cool prior to use. Reagents used for iron determination
(hydroxylamine hydrochloride, 1-10 phenanthroline monohydrate) were A.C.S.
grade from the Ricca Chemical company, while the ferrous ammonium sulfate,

used for iron standardizing, was A.C.S. grade from Fisher Scientific.

3.1.2 Porous Media

The porous media used for these experiments was class V soda-lime glass

spheres with a factory reported average diameter of 550 pm, from MO-Sci
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Specialty Products L.L.C. The composition of these beads was reported to be
~T70% SiOy, ~15% NayO, ~10% CaO, ~3% Al,O3, ~3% MgO and <0.3%

FeyO3 (Tufenkji and Elimelech, 2004b).

3.1.3 Nanoparticles

Commercially available (Kadar et al., 2011), PAA stabilized (Klimkova et al.,
2011) nanoscale zerovalent iron particles with an Fe' core and Fe-oxide shell
(Sarathy et al., 2009), NANOFER 2585, were graciously provided as a sample
from Nano Iron, S.R.O. (Czech Republic) and were delivered in 50 mL volumes
of concentrated slurry. An analysis of the surface composition of these particles
is included in Chapter 4.

Due to the high initial concentration of NANOFER 25S upon delivery, 4
mL were mixed with approximately 100 mL of ultra pure water (final concen-
tration of ~4 g/L) and allowed to stabilize for approximately three months at
~4°C before the first column experiments were conducted with a dilution of
the stably suspended iron in the supernatant. Due to the slight drop off of
measured supernatant iron concentration over time, as well as the general ten-
dency for pnZVTI to oxidize and aggregate, all duplicate transport experiments,
as well as characterizations, were completed within 5 days of each other. This
short time frame allowed for consistency of zeta potential, size, and reactivity
of the pnZVI.

Information on the transport experiments, as well as characterization, are

described in detail later.
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3.1.4 Bacterial Culture

Gram-negative P. aeruginosa, wild-type PAO1, was acquired from Dr. Jonathan
Dennis from the department of Biological Sciences at the University of Alberta.
Upon receipt, a single colony from the streaked plate was transferred to Luria
Burtani (LB) Lennox broth, and shaken at 37°C and 200 rpm for ~20 hours
(to reach the stationary phase). 2 mL of the suspension was then added to 2
mL of glycerol and stored in the freezer at -80°C. When needed, the sample
was thawed and streaked onto LB Miller Agar, then incubated overnight at
37°C. A single colony was then transferred to 450 mL of LB broth and shaken
for ~20 hours at 37°C and 200 rpm. The use of a single bacterial culture is to
lessen the chances of bacterial variability within this experiment. It has been
shown that although PAO1 is the most commonly used strain of P. aeruginosa
for laboratory tests, there have been reports of genomic variability within this

strain (Klockgether et al., 2010).

3.2 Experimental Methods

3.2.1 Size Analysis

The size of the nanoparticles was assessed by dynamic light scattering (DLS)
using a Brookhaven ZetaPALS machine, for IS of 1 and 25 mM NaCl, and
a pH of 7.5 £ 0.1 (controlled by addition of small amounts of 0.01M NaOH
or HCI). These measurements were done 10 times, with a scattering angle of

90°, a wavelength of 660 nm and a controlled temperature of 24 £+ 1°C. The
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DLS results were then qualitatively compared to images from a JAMP-9500F
(JEOL) SEM run at 25.0 keV, and a JEM2100 (JEOL) transmission electron

microscope (TEM) run at 120 keV.

Dynamic Light Scattering

DLS, also referred to as photo correlation spectroscopy, or quasi-elastic light
scattering, indirectly determines the size of particles through measurement of
the interference patterns of a light source. Particles move due to thermal fluc-
tuations (Brownian motion), and smaller particles move faster than their larger
counterparts. Thus, through measuring the rate of decay of the changes in light
intensity, the diffusion constant (D) can be determined. Finally, through use
of the Stokes-Einstein relationship [Equation (3.1)], the hydrodynamic radius
(Rp) of the particles can be determined using the Boltzmann constant (kg),
temperature (T) and the liquid viscosity (u) as the input parameters.

The assumption used for the size determination is that the particle is spher-
ical, so that the radius (R) equals to Ry,. It has been shown that this technique
can give accurate size determinations for monodisperse particles within a few
percent, and that the sizes of moderately polydisperse particles can also be

determined (Holmberg, 2002).

kgl
N 67T,URh

(3.1)
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3.2.2 Zeta Potential Determination

The electrophoretic mobilities of nanoparticles, bacterial cells and crushed
glass beads, for IS of both 1 and 25 mM NaCl, at a pH of 7.5 £+ 0.1, were
measured using a Brookhaven ZetaPALS machine. The measurements were
averaged over at least 5 runs of 20 cycles, at a temperature of 24 + 1°C.
The mobilities were then converted to zeta potentials using the Smoluchowsky
equation (see Equation (3.2).

Zeta potentials of the bacteria, at 1 and 25 mmol, were determined by
preparing a cellular suspension, as described above, then washing three times.
The washing procedure involved pipetting a 2 mL sample of the suspension
into a 2 mL micro-centrifuge tube, and centrifuging in an Eppendorf 5415R
at 4000 RPM for 5 minutes. The supernatant was then removed, and 1 mL
of a 0.9% (w/v) NaCl buffer solution was added, vortexed to mix the pellet
of cells, centrifuged again, then repeated. After discarding the supernatant
the last time, the 1 or 25 mmol solution, at a pH of 7.5 was added, and then
vortexed. 40 pli of the resulting suspension was then added to 2 mL of the

proper molar solution, and measured for zeta potential as described above.

Phase Analysis Light Scattering

The technique used by, and namesake of the ZetaPALS machine, is phase
analysis light scattering (PALS). This technique determines the electrophoretic
mobilities of particles by modulating the phases of a reference light beam
and electric field. The scattered light beam is Doppler shifted due to the

movement of the particle in the electric field. By constructing a plot of the
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phase shift of the reference and scattered light beams over a number of cycles,
the velocity of the particles can be determined (Cosgrove, 2005). In order
to convert electrophoretic mobility to zeta potential, the forces that govern
the motion of the particle must be accounted for. Using the Smoluchowski
equation (Equation (3.2); valid for most particles in aqueous media), the zeta
potential (¢) is related to the velocity of the particle (v,), the viscosity of
the media (i), the electric field (E) and the permittivity of the solvent (eep)

(Cosgrove, 2005).

Feeg

(3.2)

3.2.3 Electron Microscope Imaging

Images used for qualitative comparisons like nanoparticle size and biofilm cov-
erage on porous media were taken with a SEM or a TEM. The background
theoretical information, as well as sample preparation for each of these meth-

ods will be discussed.

Scanning Electron Microscope

A SEM has a lower resolution than a TEM, but requires less invasive processing
of the sample. Although there are several common modes of operation for a
SEM, including the detection of backscatter electrons, characteristic X-rays
and secondary electrons, in this study we solely made use of the latter.
Topographic images are collected from low energy secondary electrons that

are ejected from the sample due to collisions with high energy electrons origi-
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nating from a tungsten electron gun that raster scans the sample. The image
is constructed by the varying intensities of electrons that hit the detector due
to variations in the angle of incidence of the incoming electron beam and the
sample, and the position of the detector.

In order to make use of the SEM, a sample must be both dry and con-
ductive. Due to the presence of a very high vacuum, hydrated (biological)
samples are impossible to image without breaking apart, and are thus chem-
ically preserved, or ‘fixed’. The high vacuum is needed for the SEM (as well
as the other techniques described) in order to ensure both a contamination
free environment, and reduce collisions of the electron beam with gas or other
molecules. A sample’s conductivity, if needed, can be improved through coat-
ing in electrically conductive materials.

In this experiment, the iron nanoparticles were simply dried onto a sam-
ple holder and imaged in a JEOL JAMP-9500F. However, the glass beads

containing the biofilm were heavily processed via the following protocol:

1. Upon sample retrieval, immediately place into 2.5% glutaraldehyde in

Millonig’s buffer and store at 4°C

2. Wash in the same buffer 3 times for 10 minutes each

3. Postfix in 1% OsO4 at room temperature for 1 hour

4. Briefly wash in distilled water

5. Serial dehydration in ethanol (50%-100%) for 10 minutes each, followed

by 2 additional applications of absolute ethanol for 10 minutes each.

29



6. Critical point dry at 31°C for 5-10 minutes
7. Mount on stub with silicon membrane
8. Sputter coat with gold in an Edwards S150B Sputter Coater

9. Image in a Hitachi SEM S-2500

Transmission Electron Microscope

A TEM allows for high resolution images to be taken at larger magnifications
than attainable for a SEM. The main operational difference between a SEM
and a TEM is that electrons pass through the sample and are collected. There-
fore, bright areas on images are void of atoms, while dark spots indicate their
presence. Only iron nanoparticles were imaged by TEM, and the preparation
was minimal, with an air dried sample scattered onto a formvar coated grid

and imaged in a JEOL TEM JEM2100.

3.2.4 Compositional Analysis

The surface composition of the pnZVI was determined from both Auger elec-
tron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). The

principles behind these spectroscopic methods will be discussed.

Auger Electron Spectroscopy

AES can be used to detect the chemical composition of the top 3 to 5 nm
of a sample, with a spatial resolution of approximately 250 nm. The only

elemental limitations of AES are hydrogen and helium, due to the absence of
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valence band electrons. With a setup similar to that of a SEM, an electron
source bombards a sample, in a high vacuum, with high energy electrons.
However, unlike a SEM, AES does not measure the secondary electrons that
are released from the sample via collisions with the primary beam. Once a
core electron is removed, an outer shell electron replaces it and due to the
lower energy associated with the ground level, the replacement electron gives
off some energy. This energy can then be absorbed by an outer shell electron.
If the absorbed energy is sufficient to overcome the electron’s binding energy,
it is emitted. The energy of this emitted outer shell electron is then measured
by the Auger detector.

Due to the very specific orbital energy levels of different elements, the
measured kinetic energy of the emitted electron can be used to back calculate
the element that it came from. This is done by using Equation (3.3), with
E, representing the kinetic energy of the emitted outer shell electron, E.,..
equal to the binding energy of the removed core electron and Eg and Eo
representing the binding energies of the electron that replaced the core electron
and the subsequently ejected electron, respectively. Due to the presence of
multiple outer shells, there can be many peaks associated with each element.
However, AES has matured as an analytical tool, therefore many databases
exist containing expected Auger electron energies for all of the elements.

Samples of iron nanoparticles were simply air dried onto the sample holders

and analyzed by AES in a JEOL JAMP-9500F.

By, =FEre — Ep — Ec (3.3)
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X-ray Photoelectron Spectroscopy

XPS can be used to ascertain compositional data from the top couple of nm
of a sample by exploiting a different mechanism to the one used by AES.
Elemental limitations of XPS are again hydrogen and helium, but this time
the limitation is due to the small orbital diameter reducing the interaction of
the incident photon and electron to near zero. In XPS, a sample, under high
vacuum, is bombarded with lower energy X-rays from an Aluminum (1486.6
eV) source, rather than electrons, leading to a reduced spatial resolution, but
imparting less damage to the sample. The X-rays excite the inner shell electron
of an atom, causing their ejection due to the photoelectric effect (Einstein,
1905). Each electron has a kinetic energy characteristic of the material it
originated from, with distinctions between different chemical states possible.
In Chapter 4, the notation C 1s, Fe 2p etc. will be used to describe the data.
C and Fe are the elements, in this case carbon and iron, while 1s and 2p are
the atomic notation used to describe the quantum numbers associated with
the orbit (n, described by an integer number) and orbital angular momentum
(1, described by the letters s, p, d and f denoting the 1 numbers 1 to 4). There
are also quantum numbers for spin angular momentum (s) and total angular
momentum (j) that will not be presented in this current research. However,
due to these quantum considerations, the binding energies of s orbitals show
up in XPS data as one peak, while the p, d and f orbitals exhibit split peaks,
due to spin orbital splitting.

Data from an XPS analysis is output in the form of counts of electrons
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versus the binding energy. The position of the peaks indicate the elemental
composition of the source, while the shape of the curve is indicative of the
different chemical states of the element. The local chemical or physical en-
vironment and oxidation state will affect the binding energy of a material.
Therefore, by analyzing the placement and shapes of the resulting peaks, and
comparing to other XPS results for known compounds, this information can
be gathered. Equation (3.4) shows how the binding energy (E;) can be found
from experimentally measurable values of the incident X-ray energy (E,, p for
photon), the kinetic energy of the measured electron (Ey), and the instrument

detector dependent value of the work function (9).

Ey=FE,—E,—6 (3.4)

3.2.5 Preparation of Experimental Columns
Uncoated Columns

Prior to each use, the glass beads were thoroughly cleaned with both acid and

base via the following protocol (Li et al., 2006):

1. Wash with ultra pure water
2. Ultrasonicate in 0.01 M NaOH for 15 min

3. Ultrasonicate in ultra pure water and repeat until rinsed solution be-

comes transparent

4. Ultrasonicate in 1 M HNOg3 for 20 min
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5. Final rinse with ultra pure water

The wet packed cast acrylic experimental columns used were 14 cm long,
with an inner diameter of 3.175 cm (1'/* in.), and a porosity of 0.40. At each
end, a 40 mesh stainless steel screen was used to support the filter media, as

well as to disperse the influent.

Biofilm Coated Columns

The coated columns were initially prepared using the same protocol as the
uncoated ones. The procedure used for coating biofilm in the packed columns
is similar to the one described in previous studies (Liu and Li, 2008; Tong
et al., 2010).

To grow the biofilm, a cellular suspension was prepared, as outlined above.
The column was seeded with bacteria by recirculating the cellular suspension,
in the upflow direction, for 12 hours using a MasterFlex L /S peristaltic pump,
with size 13 peroxide cured silicon tubing (Cole Parmer), at a flowrate of 1.05
+ 0.02 mL/min. After seeding, the biofilm was grown by injecting a 1/5th
dilution of LB broth at a flowrate of 1.05 + 0.02 mL/min for 5 days, switching
the direction between upflow and downflow every 12 hours to allow for uniform
formation of the biofilm.

The distribution of biofilm bacteria number was determined by growing
two columns, extracting the porous media into five separate segments into a
solution of phosphate buffered saline, then sonicating the media for 10 minutes,
before preforming duplicate plate counting with the resulting suspension using

the drop plate method (Liu and Li, 2008). Ten minutes of sonication was shown
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to produce less than 0.1% cell lysis in a previous study using P. aeruginosa

bacteria (Liu and Li, 2008).

3.2.6 Iron Transport Experiment

Prior to iron injections, the columns were pre-conditioned with at least five
PVs of either 1 or 25 mmol NaCl, with a pH of 7.5 + 0.1 at an environmen-
tally relevant flowrate equivalent to 8.3 + 0.2 m/d, introduced in the upflow
direction. This flowrate was chosen specifically because it is in the range of
groundwater flowrates, and to compare the present results to those of Tong
et al. (2010), who used a flowrate of 8 m/d. During the conditioning period,
an aliquot of NANOFER 25S was drawn from the supernatant of the solution
stored in the fridge. This aliquot was then added to a prepared solution of
either 1 or 25 mmol NaCl and adjusted to a pH of 7.5 4+ 0.1. The resulting
concentrations were between 106 and 171 mg/L of total iron for all trials. The
equivalent of two PVs of the iron solution was then injected into the column
in the upflow direction at 8.3 + 0.2 m/d, followed by three PVs of either 1
or 25 mmol NaCl solution. Elutions were collected in half PV aliquots, and
analyzed for total iron by the phenanthroline complexation method (AWWA,

1992), as described below.

Iron Determination

3 mL of sample was added to ~50 mL of ultra pure water to dilute the sam-
ple, along with 2 mL of HCI to lower the pH, and 1 mL of hydroxylamine

hydrochloride and brought to a boil with two glass beads, to ensure all iron
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is reduced to its ferrous form. The solution was then boiled down to 15 to 20
mL and allowed to cool. 10 mL of ammonium acetate buffer was then added,
followed by 4 mL of 1,10 phenanthroline monohydrate to chelate with the fer-
rous iron. The chelation creates an orange-red color that was measured at 510
nm and compared to a standard curve made from known quantities of ferrous

ammonium sulphate iron standard.

3.2.7 Model Development
T-E Model

The T-E model [Equation (2.7)] was used to calculate the theoretical 7, for the
column experiments, with and without the presence of biofilm. The relation-
ships used to calculate 7y are given in Equations (3.5) to (3.10), and described

below, with the values used listed in Table 3.1.

2(1-7°) 1
Ag = =(1- ) 3.5
e ST (B (35)
N =d,/d. (3.6)
Ud. kT
Np, = , o = 3.7
P D 37 pd,. (3.7)

Nopaw = T Ay = (\/Au - \/A33)(\/A22 - \/A33> (3.8)
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Ag [Equation (3.5)] is a function dependent on the porosity of the porous
media, with the variable v defined as a direct function of the porosity (f). Ng
[Equation (3.6)] is the aspect ratio, or ratio of the particle (d,) and collec-
tor (d.) diameters. Np. [Equation (3.7)] is the Peclet number that describes
the ratio of convective transport to diffusive transport, with U and and D,
representing the approach velocity of the fluid and the diffusion coefficient, re-
spectively. D, is further defined by parameters of Boltzmann constant (kg),
absolute temperature (T) and the absolute fluid viscosity (u). Nyaw [Equa-
tion (3.8)] is the van der Waals number, which is the ratio of the particle’s van
der Waals interaction (via the system Hamaker constant, Ais3) to its kinetic
energy. The system Hamaker constants (Aj93) were estimated using the equa-
tion from Israelachvili (1992), as shown in Equation (3.8), with Aj;, Agy and
Asz being the Hamaker constants of the colloid, collector and water, respec-
tively. N4 [Equation (3.9)] is the attraction number, which is a combination
of the van der Waals and fluid velocity forces as they relate to interception.
Lastly, Ng [Equation (3.10)] is the gravity number, which is the ratio of the
Stokes particle settling velocity and the fluid approach velocity, with p,, p;
and g representing the particle density, the fluid density and the acceleration

due to gravity. All of the input parameters, with the exception of the Hamaker
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Table 3.1: Parameters used for the T-E model.

Symbol Value Used
f, porosity 0.40

d,, particle diameter (m) 60E-9

d., collector diameter (m) 0.55E-3

U, fluid approach velocity (m/s) 97.2E-6

T, temperature (K) 293

w, fluid viscosity of medium (Pa s) 1.005E-3
Ay, Hamaker constant of pnZVI (J) 10E-20

Asy, Hamaker constant of glass beads (J) 12.1E-20
Asy, Hamaker constant of bacteria (J) 4.8E-20

Aj3, Hamaker constant of water (J) 3.7E-20
Ay93, Hamaker constant (biofilm) (J) 0.33E-20
Ay93, Hamaker constant (no biofilm) (J)  1.9E-20
pp, particle density (kg/m?) 5700

py, fluid density (kg/m?) 1000

constants, were either readily measured or theoretical constants.

The Hamaker constant of 10E-20, used for pnZVI, was used previously in
two different studies with nZVI coated with guar gum and CMC (Tiraferri and
Sethi, 2009; Fatisson et al., 2010). The Hamaker constant used for the glass
beads (12.1E-20) was reported by Takase (2009), while the Hamaker constants
commonly used for bacteria (4.8E-20) and water (3.7E-20), were reported by
Triandafillu et al. (2003) and Israelachvili (1992), respectively. The resulting
system Hamaker constants were within the range of those used by Tufenkji

and Elimelech (2004a).

DLVO Model

The DLVO model was used to investigate the removal of pnZVI based on
the summation [Py (h)] of electrostatic [®;(h)] and retarded van der Walls

[®,qw (h)] interaction energies [Equation (3.11)] (Derjaguin and Landau, 1941;
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Verwey, 1947) as a function of the distance between two spheres. The rela-
tions used in the calculation of the electrostatic and retarded van der Waals
forces for a sphere-sphere interaction are shown in Equations (3.12) and (3.13)
(Bradford and Torkzaban, 2008) and Equation (3.14) (Gregory, 1981). Rel-
evant parameters defined and presented for the T-E Model in Table 3.1 are
reused, while new parameters relevant for the DLVO model are introduced
below, with their values listed in Table 3.2.

The electrostatic interaction energy between two spheres, ®.(h) [Equa-
tion (3.12)] is governed by parameters of permittivity (eeq), particle and col-
lector radii (r, and r.), particle and collector surface potentials, with zeta po-
tentials used in their stead (¢, and ¢.), inverse of the double layer thickness [x,
with new parameters of electron charge (e), Avogadro’s number (N 4,), molar
concentration of the electrolyte (M;) and the valence of the electrolyte (z)] and
the distance between the two spheres (h). The retarded van der Walls interac-
tion between two spheres, @, (h) [Equation (3.14)] uses only one previously
undefined parameter, the characteristic wavelength (\.) (Gregory, 1981).

Due to the small size of the modeled particle, the sphere sphere interaction
could have been simplified to a sphere plane interaction, with r,r./(r,+1.)
being replaced with r. in Equations (3.12) and (3.14), however, the results
would remain identical. All of the values used for this model were either

fundamental constants, or experimentally measured.

q)total(h) = (I)el(h> + (I)vdW(h> (311)
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Table 3.2: New parameters introduced for the DLVO model.

Symbol Value Used
r,, particle radius (m) 30E-9

r., collector radius (m) 0.275E-3

€, relative permittivity 80.36

€0, permittivity in a vacuum (F/m) 8.85E-12
¢p, zeta potential of particle (1 mmol) (mV) -36.25

®p, zeta potential of particle (25 mmol) (mV) -16.75

¢e, zeta potential of uncoated collector (Immol) (mV)  -67.03
®e, zeta potential of uncoated collector (25mmol) (mV) -50.73

¢, zeta potential of coated collector (1mmol) (mV) -41.70

¢e, zeta potential of coated collector (25mmol) (mV) -25.96

N 4, Avogadro’s number (molecules/mole) 6.02E23
M;, molar concentration of electrolyte (mmol/L) 1or25

e, electron charge (C) 1.602E-19
z, electrolyte valence 1

Ae, characteristic wavelength (m) 1E-7

B () = T (2¢p¢czn (”“"”) (84 )i (1 — eap <—2mh>>)

(rp+7e) 1 — exp(—kh)
(3.12)
2000e2 N 4
= | /N M, 22 1

K \l T ; 2 (3.13)

A1237" Te 5.32h /\C
D, h) = — P — in(1 3.14
v (h) = = Gh 70 ( Ao "( 5.32h>> (3:14)
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Chapter 4

Results

4.1 Nanoparticle Characterization

4.1.1 Size

The average diameter of the iron nanoparticles, as determined by the DLS
measurements, were 61 +2 nm (polydispersity of 0.15 +0.03), and 59 +3 nm
(polydispersity of 0.18 £0.03), for the 1, and 25 mmol NaCl IS, respectively.
Figure 4.1 a and b, an SEM and TEM image from a JEOL JAMP-9500F and
JEOL JEM2100, respectively, show dried samples of iron nanoparticles, drawn
from the supernatant of the stored iron particles from the fridge. This image
shows the size of the nanoparticles to be in qualitative agreement with the
DLS results of ~60 nm. Klimkova et al. (2011) also found that the average

size of NANOFER 25S was 60 nm, determined from TEM measurements.
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Figure 4.1: A) SEM image (JEOL JAMP-9500F) and b) TEM image (JEOL
JEM2100) of a dried sample of pnZVI drawn from the supernatant of stored
particles. An average size of ~60 nm was measured with DLS, and is qualita-
tively confirmed in these images.
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4.1.2 Zeta Potential

The zeta potentials of the pnZVI were determined to be -36.25 £3.28 in the
1 mmol NaCl solution, and -16.75 +2.00 for the 25 mmol IS. The measure-
ment of the absolute magnitude of the zeta potential decreased with increasing

electrolyte concentration due to EDL compression at the higher IS.

4.1.3 Surface Composition
Auger Electron Spectroscopy

The surface composition of the pnZVI was determined from AES spectra. Two
typical spectral plots are shown in Figure 4.2. The top (solid) line is the AES
spectra collected from a particle of pnZVT (seen as a white spot in Figure 4.1a)
while the bottom (dashed) line is a spectrum collected from an area of the
sample void of any pnZVI. The text labels identify the peaks of the elements
observed in the Auger spectra: carbon at 272 eV, oxygen at 484 and 505 eV,
iron at 598, 651 and 703 eV, sodium at 990 eV and silicon at 1561, 1583, 1601
and 1619 eV. The Auger peaks for carbon, oxygen, silicon, and to a very small
degree, sodium, are present in both scans. However, the three peaks indicative
of iron, as well as a larger relative intensity for sodium, are only present in
the scan of an identifiable nanoparticle. Carbon and oxygen are abundant in
the environment, thus show up regularly in AES scans, while silicon is present
due to its use as the sample holder. The large intensities for iron and sodium
in the composition of the pnZVI are expected, as the surface coating of the

iron, as indicated by the company Nano Iron S.R.O. (private communication),
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is due to preparation in 3% sodium poly(acrylic acid) (Na-PAA).
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Figure 4.2: Energy spectra of Auger electrons collected from a portion of sam-
ple containing pnZVI (solid line), and void of pnZVI (dashed line), shown in
Figure 4.1a. Text labels identify the elements corresponding to the energy
peaks. The pnZVI spectrum shows the presence of iron as well as signifi-
cantly more sodium than background, due to the use of Na-PAA during the
manufacturing of pnZVI.

X-ray Photoelectron Spectroscopy

An XPS analysis of the sample surface was also employed in order to quantify
the composition of the pnZVI. In survey mode, shown in Figure 4.3 with labels
for the prominent peaks, data indicated a chemical makeup similar to that
reported from AES, including strong intensities for binding energies typical of
carbon (C 1s, 286.2 eV), oxygen (O 1s, 532.2 €V), sodium (Na 1s, 1072.2 eV)
and iron (Fe 2p, 712.6 eV). Noteworthy is the presence of the doublet peak,

expected for Fe 2p, due to the spin orbital splitting of the p subshell. The other
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labels, O Auger and Na Auger, show the observation of Auger peaks in the
data that are common in XPS scans. The calculated composition, averaged
over a dried sample of about 300 x 700 um, was 45% carbon, 33% oxygen, 16%
sodium and 4% iron, by mass. Additionally, in order to confirm the presence
of Na-PAA, high resolution spectra for carbon (C 1s, Figure 4.4a) and oxygen

(O 1s, Figure 4.4b) were collected.
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Figure 4.3: XPS data from a survey mode scan of pnZVI. Text labels indicate
the elements corresponding to the large peaks in the graph.

The C 1s carbon data were successfully fit by using component analysis
(CASA XPS software), similar to Alexander et al. (2001), with five Gaussians
corresponding to expected carbon bonds [see Table 4.1 for the components,
peaks positions and full width at half maximum (FWHM)] present in a thick
film of Na-PAA. This figure shows that the summation (solid line) of the Gaus-

sian components (dashed lines), closely matches the collected XPS data (dots).
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The molecular weight of the Na-PAA used in the manufacturing of NANOFER
25s is not known. However, due to the lower composition percentage of the
C-OX (X=H, or Na) component at 287.1 eV that is associated with end groups
2 % in this study versus 4 % in Alexander et al. (2001)], NANOFER 258 likely
uses Na-PAA with a molecular weight greater than the 6000 g/mole sample
used by Alexander et al. (2001). The peaks of these curves are offset towards
higher bonding energies than those presented by Alexander et al. (2001) for
pure Na-PAA | but are similar to range of C 1s data measured for PAA bonded
to oxidized metals (Leadley and Watts, 1997) and pseudoboehmite (Alexander
et al., 2001). The increased binding energy measured is therefore likely due
to oxidation, or the presence of the iron in this sample that would change the
electrostatic shielding due to the withdrawal of valence electrons.

High resolution oxygen (O 1s) data was also fit similarly to the O 1s spectra
for Na-PAA presented in Alexander et al. (2001) (see Table 4.1), with one
additional component needed to represent an O-Fe bond, at 530.0 eV, due
to the oxidized iron shell of pnZVI. As with the carbon peaks, the binding
energies are shifted to higher values than those reported in Alexander et al.

(2001) for pure Na-PAA, again likely due oxidation, or the attachment to iron.

4.2 Porous Media Characterization

4.2.1 Zeta Potential

The zeta potentials of crushed soda-lime glass beads for 1 and 25 mmol NaCl

were determined to be -67.03 £2.49 mV and -50.73 £0.51 mV, respectively.
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Figure 4.4: High resolution energy spectra of a) C 1s and b) O 1s binding
energies calculated from XPS data. The dashed lines are Gaussians used to
model expected bonds in Na-PAA. The summation of the Gaussian compo-
nents (solid line) matches the XPS data (dots) very closely.

Table 4.1: Components, peak positions and FWHM for Gaussian fitted spectra
illustrated in Figure 4.4.

Bond Type Binding Energy (eV) FWHM (eV)
Figure 4.4a C 1s

C-C/CH 285.5 1.03
C-CO,X, X=H or Na  285.9 1.76
C-0X 287.1 0.89
C-(O-Na), 288.7 1.13
C(=0)OH 289.8 0.98
Figure 4.4b O 1s

Fe-O 530.0 1.10
-O-Na 531.7 1.49
C(=0)OH 532.8 1.42
C(=0)OH 533.7 2.19
Na KVV 536.5 1.97
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Washed cells of P. aeruginosa bacteria exhibited zeta potentials of -41.70
+1.50 mV for 1 mmol NaCl, and -25.96 +2.20 mV for 25 mmol NaCl. These
results are consistent with compression of the EDL leading to lower zeta po-

tentials at higher IS.

4.2.2 Bacterial Dispersion

Viable bacterial counts of P. aeruginosa through the columns are presented
in Figure 4.5. This figure shows that the dispersion of the bacteria is nearly
homogeneous when considering the error bars (standard deviations of 4 data
points), with quantities of cells ~10” CFU/gdw, within the range of reported
values of viable bacteria cells found in saturated aquifers (Balkwill and Ghiorse,
1985; Bone and Balkwill, 1988; Wilson et al., 1983; Webster et al., 1985). The
distribution of EPS through the columns was not measured for this study.
However, using a similar growth protocol, Liu and Li (2008) attained similarly
homogeneous bacterial counts, and showed that the concentration of EPS was

also homogeneous throughout their experimental column.

4.2.3 EPS Components

The major component of P. aeruginosa PAO1 biofilm is known to be car-
bohydrates (Liu and Li, 2008). The majority of the carbohydrates for a P.
aeruginosa (PAO1) biofilm, grown with LB broth on the insides of silicone
tubing, were shown to be glucose, rhamnose, and mannose (Wozniak et al.,

2003). These neutral sugars partially block the negatively charged functional
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Figure 4.5: Number of P. aeruginosa bacterial cells per gram of dry sand
throughout the columns. Error bars represent standard deviations of duplicate
measurements of two separate columns (four data points).

groups that are found on the cellular surface, leading to a neutrally charged

biofilm (Liu et al., 2007).

4.3 Iron Transport

4.3.1 Iron Elution

Results of the iron elution studies are shown in Figure 4.6 a and b, showing
the normalized effluent iron concentrations (C/Cp), for the 1 and 25 mmol
NaCl concentrations, respectively, of biofilm coated and uncoated columns.
The error bars signify standard deviations of duplicate phenanthroline iron

analysis of duplicate columns (4 data points). As samples were collected in
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half PV aliquots, with injections beginning at PV equal to zero, the skewed
measurements at 1.0 (higher than expected) and 3.0 PV (lower than expected)
indicate the likelihood of preferential flow paths through all of the columns.
There is also no noticeable tail for any of the breakthrough curves, suggesting
that all filtered pnZVI were retained in the column. The measurements at 1.5
to 2.5 PVs form a constant plateau (within error) suggesting that a steady
state of particle removal was achieved.

The main result of these breakthrough experiments is that only the biofilm
covered column at the higher IS shows significant filtration of pnZVI. To bet-
ter quantify the transport, an effective plateau value of breakthrough curves
(Lecoanet and Wiesner, 2004) was calculated using an average of the C/Cy
values from the elutions at 1.5, 2.0 and 2.5 PVs. For the 1 mmol solution
IS, the iron breakthrough plateau for the biofilm coated and uncoated porous
media were measured to be 97 + 6% and 96 4 4%, respectively. The columns
with increased IS resulted in iron breakthroughs of 82 + 3% and 97 + 2% for

the coated and uncoated columns.

4.3.2 Iron Recovery

Total iron recovery for both columns at the 1 mmol IS, as well as the uncoated
column at the high IS were all within error of 100%, while the recovered iron
from the biofilm coated column at 25 mmol IS was 79 £ 6%. These recoveries
are reasonable when compared to Tong et al. (2010), who also showed a marked
increase of nanoparticle retention in biofilm coated columns, only at higher IS.

Additionally, it has been shown by column breakthrough studies that snZVI
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is not retained in porous media at IS less than 40 or 100 mmol of Na™ (Saleh
et al., 2008), and IS less than 40 mmol of Ca™ (Lin et al., 2010), depending
on the applied coating. As it has been suggested that PAA is one of the
best modifications with respect to nZVI transport (Yang et al., 2007), the
high value of 25 mmol IS is likely not large enough to impact the transport
of pnZVI in the uncoated columns used in this study. These results will be
further discussed in the context of the T-E model and DLVO theory in the

following sections.
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Figure 4.6: Iron breakthrough curve for uncoated and P. aeruginosa biofilm
coated porous media for the a) 1 mmol and b) 25 mmol NaCl ISs. Error bars
indicate standard deviations of duplicate iron measurements from two separate
columns (4 data points).
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4.4 T-E Model

The results of the T-E model indicate that for pnZVI in the experimental
conditions, 7 is expected to be 3.11E-2 for biofilm coated porous media, and
2.84E-2 for uncoated porous media. The only factor that differs for the biofilm
coated and uncoated experimental setups that is taken into account by the T-
E model is the different Hamaker constants. Specifically, the T-E model does
not take into account the DLVO forces that are affected by changes in surface
charge of the particles and collectors with changing solution IS (Tufenkji and
Elimelech, 2004b). Thus, the relative values of 7y should only be useful in pre-
dicting differences between biofilm coated and uncoated columns at the same
solution IS. Values of n and « were calculated from Equations (2.7) and (2.8)
and the experimental iron breakthroughs, and are presented in Table 4.2. The
highlight of the T-E results is the larger relative value of attachment efficiency
() and therefore single collector removal efficiency (1) for the biofilm coated
experiment at 25 mmol IS, as compared to the uncoated media. The lower
Hamaker constant input to the T-E model for the bacteria coated beads serves
to lower the expected 7y value, as compared to uncoated beads, thus decreas-
ing the expected particle removal for a given set of physiochemical conditions.
The difference in @ must therefore be due to other forces allowing for more
favorable attachment in the biofilm coated porous media.

These results must be interpreted cautiously however, as the input pa-
rameter of the collector Hamaker constants for the biofilm coated media were

chosen for the ideal condition of complete coverage of the glass beads by bac-
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Table 4.2: T-E model outputs.
Parameter Biofilm No Biofilm Biofilm No Biofilm
(ImM) (ImM) (25mM)  (25mM)

Nox10~2 2.84 3.11 2.84 3.11
C/Cy 0.97 0.96 0.82 0.97
ax1073 4.69 5.72 30.5 4.27
nx10~4 1.33 1.78 8.66 1.33

terial cells. This ideal situation is not occurring due to incomplete coverage of
all beads by biofilm, verified by SEM images and shown below in Figure 5.1.
In addition, the Hamaker constant of the biofilm is assumed to be the same
as that used for bacterial cells. However, because the Hamaker constant is
proportional to the density of the material, soft EPS would have a Hamaker
constant more similar to the soft bacterial cells than to the hard glass beads.
Even with these caveats, a different Hamaker constant for the biofilm covered
porous media would not substantially change the interpretation of the results
of the model due to the significantly larger value of « for the biofilm coated

column at the higher IS.

4.5 DLVO Model

The DLVO model will serve to elucidate whether the increased «, as measured
by the particle breakthrough curves, is due to electrostatic and van der Waals
forces.

Through use of different scales for the interaction energy, Figure 4.7 a
and b show the repulsive energy barriers and the secondary minimums of the

particle-collector interactions in this study, respectively, in units of kgT. The
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large, positive energy barriers in Figure 4.7a can be used to effectively explain
the near uninhibited transport of pnZVI through the low IS columns due
to unfavorable, repulsive electrostatic conditions. However, for the 25 mmol
IS, Figure 4.7b shows that there is a slightly larger repulsive barrier for the
coated column, as compared to the uncoated column. Additionally, Figure 4.7b
also shows a deeper secondary energy minimum for the uncoated column, as
compared to the near zero secondary minimum for the coated column. Both
of these results indicate that the highest pnZVI removal would be expected
for the 25 mmol uncoated column configuration due to either overcoming the
energy barrier to settle in the primary minimum by slow deposition, or through
getting trapped in the secondary minimum by fast deposition. This result is
not shown in the elution data, where the greatest retention of pnZVI occurs in
the 25 mmol IS biofilm coated column, indicating that non-DLVO forces are
likely responsible for the increased attachment efficiency.

Most importantly, in the context of this experiment, is that higher value of
a for pnZVI in the 25 mmol biofilm covered column is not explained by DLVO
energy considerations. As with the results of the T-E model, these results
must be used cautiously due to the non-ideality of the system, evidenced by
the incomplete coverage of biofilm on the collector surfaces (see Figure 5.1
below). Problems with the Hamaker constant discussed for the T-E model are
compounded for the DLVO model due to the additional assumption that the
collector zeta potential in the biofilm coated media is that of the bacteria for
a given solution IS.

The assumed zeta potentials are likely incorrect, and probably could be
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more negative and closer to that of the uncoated beads due to the incomplete
coverage. However, an increase in zeta potential of the 25 mmol IS biofilm
covered column would effectively increase the repulsive force between particle
and collector, and therefore offer further evidence of the role of non-DLVO
forces in the attachment process. It should also be considered that PAO1
biofilms are neutrally charged. As a result, the zeta potential of the biofilms
may be reduced (less negative) as compared to the bacteria. In addition, even
though biofilms have low coverage of bacteria on the glass media surfaces, there
is likely a conditioning film on the media (Al-Bakri et al., 2004) that could
help neutralize the charge on the glass beads as well. The formation of these
conditioning films are common in both natural and engineered aquatic systems,
and can be formed due to the adsorption of dissolved organic matter or cell
surface components. This may help explain the enhanced adhesion of biofilm
bacteria, though non-DLVO forces likely impact nanoparticle transmission as

well.
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Figure 4.7: DLVO interaction energies in units of kgT for the coated and
uncoated columns, for both 1 and 25 mmol ISs. Panel a) illustrates the energy

5 10 15 20 25
Separation Distance (nm)

barrier to deposition, while b) shows the secondary minimum energy well.
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Chapter 5

Discussion

The T-E model, in conjunction with DLVO theory, have been used to suc-
cessfully explain particle filtration through saturated porous media (Tufenkji
and Elimelech, 2005; Redman et al., 2004). However, the results of this study
indicate that with the addition of biofilm, the situation present in those stud-
ies does not occur, leading to incorrect predictions. In the context of snZVI
transport, many studies have thus far relied on CF'T to describe the transport
effects of various surface modifications to nZVI (Saleh et al., 2008; Kanel et al.,
2007; He et al., 2009). Since snZVI is used for environmental remediation, it
is necessarily going to be applied to natural systems that contain bacterial
cell concentrations of the order of those present in this study. The only other
published study of the effects of biofilm on the transport of engineered nanopar-
ticles in saturated porous media also concluded that non-DLVO forces were
responsible for increased particle filtration in the presence of biofilm (Tong
et al., 2010). Possible reasons for the increased retention of nanoparticles are

discussed.
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5.1 Physical Impacts of Biofilm Growth

Common theories in the literature point to surface charge heterogeneities
(Tufenkji and Elimelech, 2005) or surface roughness (Shellenberger and Lo-
gan, 2002) to explain deviations observed from CFT. Figure 5.1 a and b, SEM
images (Hitachi SEM S-2500) taken at magnifications of 150 and 500 times,
respectively, show the incomplete coverage of biofilm on the glass beads, lead-
ing to surface charge heterogeneities, while Figure 5.1 b and ¢ (12000 times

magnification) illustrates the surface roughness inherent in the biofilm coated

media.

Figure 5.1: SEM images (Hitachi SEM S-2500) taken from a biofilm covered
glass bead under a) 150 times b) 500 times and c¢) 12000 times magnification.
The roughness and pore structure of the biofilm is illustrated.

The complex physical form of the biofilm could potentially lead to further
sites of charge heterogeneity within the biofilm itself that could ultimately

lead to locations with more favorable nanoparticle deposition, and hence an

increase in the observed attachment efficiency. Additionally, the growth of
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biofilm could constrict the available pore space of the porous media and lead
to instances of particle removal by straining that are not predicted in CF'T
(Bradford et al., 2006), or increase the turbulence of flow. Another physical
feature of biofilm is its pore structure, as seen in Figure 5.1 ¢. Previous studies
relating to the use of microbial granules in wastewater treatment have shown
that a mechanism for the removal of 100 nm particles is through traversing into
the pores of the biofilm (Ivanov et al., 2004), which could also be occurring in
this case.

None of these physical mechanisms are accounted for in CF'T, but would
not aid in explaining the results of this study due to the increased attachment
measured only in the high IS biofilm coated column. Conversely, when com-
pared to the low IS column, the higher IS would compress the biofilm EPS
polymers and therefore decrease the surface roughness and turbulence, as well
as potentially reduce the pore space lost to the biofilm.

The last physical consideration is the effects of the conditioning film on the
glass beads. Conditioning films have been shown to increase bacterial adhesion
to surfaces, with greater attachment measured with increasing IS (de Kerchove
and Elimelech, 2007), and could similarly increase the attachment of nanopar-

ticles.

5.2 Role of Other Forces

Physical impacts and DLVO forces have not been able to explain the results of

this study, indicating that other forces, which are present only with increasing
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IS, must be responsible.

The hydrophobicity of the system could potentially be responsible for the
increased attachment measured at the high IS of the biofilm coated media.
With increasing IS, pnZVI could come into closer contact with the biofilm
and therefore be increasingly influenced by hydrophobic forces. However, due
to limitations in the measurement of biofilm surface tensions, the impacts of
hydrophobicity cannot be determined.

It has been shown, in the context of bacterial adhesion, that two like
charged surfaces with polymer coatings (in this case the pnZVI and the EPS)
could strongly bind by polymer bridging under conditions where the polymers
protrude further than the EDL, and can therefore interact (Loosdrecht et al.,
1990). The bridging force can be used explain the results of this study due to
the compression of the EDL only at the higher IS, as well as the presence of
EPS polymers only in the biofilm coated column. This mechanism, however,
does not explain the results of Tong et al. (2010), as the study was conducted
using nanoparticles of Cgy void of any surface polymers.

Another force that could explain these results is the steric force. At low IS,
the anionic EPS is more stretched, and can therefore provide steric repulsion
for the pnZVI. At the high IS, the conformation of these polymers is com-
pressed (Frank and Belfort, 2003), lessening the magnitude of the steric force.
This explanation encompasses the results measured in this study, as well as

the results of Tong et al. (2010).
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Chapter 6

Conclusions and

Recommendations

CFT, even with DLVO energy considerations, is not adequate in describing,
and therefore predicting the transport of pnZVTI in the real subsurface environ-
ment due to the biological aspect of the soil matrix. Biofilm, being a complex
aggregation of bacterial cells, as well as secreted EPS, is not well character-
ized by ideal single particle-collector interactions and the limitations of DLVO
forces. The decreased steric force with the higher IS in the biofilm coated
column is the likely contributor to the increased deposition measured in this
experiment.

Furthermore, the importance of accurate models to predict transport dis-
tances of pnZVI in the real subsurface are needed in order to optimize contam-
inant remediation using these reactive nanoparticles, and to ensure that these

particles are able to be delivered to contaminated zones. In future work, the
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steric force, modeled by the Alexander de Gennes theory for polymer brushes
(Kuhl et al., 1994), should be considered, in combination with the DLVO
model, to check for its ability in explaining the results obtained in this present
experiment.

The results of this study indicate that caution should be used when em-
ploying CFT models for predicting the transport of snZVI in the environ-
ment. Additionally, the potential for a large variability in biofilm coverage
of porous media, due to site specific environmental conditions, urges further
discretion. Accordingly, future work should concentrate on comparing the im-
pacts of biofilm composed of different bacterial species, or multiple species of
bacteria, grown under various environmentally relevant conditions, on snZVI
filtration.

The transport characteristics of different surface modifications of snZVI
through biofilm coated systems should also be examined. Different surface
coatings could potentially interact with biofilm coated media in unique ways
that would not be elucidated in uncoated laboratory column tests. Thus,
future experiments should test this hypothesis.

Finally, the results obtained in this study should be used to suggest that
transport distances of snZVI in natural systems are likely overestimated by

laboratory trials conducted with ideal, biofilm free porous media.
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