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Abstract 

Given the ubiquity of silver nanoparticles (AgNPs), the largest and fastest 

growing category of nanomaterials, and their potential for toxic effects to both humans 

and the environment, it is important to understand their environmental fate and transport.  

The purpose of this study is to gain information on the transport properties of unmodified 

AgNP suspensions in a glass bead-packed column under saturated flow conditions at 

different solution pH levels.  Commercial AgNPs were characterized using high 

resolution transmission spectroscopy (HRTEM), dynamic light scattering (DLS) and 

ultraviolet (UV) visible spectroscopy.  Transport data were collected at different pH 

levels (4, 6.5, 9 and 11) at fixed ionic strength.  Capture of AgNPs increased as the pH of 

the solution increased from 4 to 6.5.  Further increase in pH to 9 and 11 decreased the 

attachment of AgNPs to the glass beads.  AgNP concentration versus time breakthrough 

data were simulated using an advection-dispersion model incorporating both irreversible 

and reversible attachment.  In particular, a reversible attachment model is required to 

simulate breakthrough curve tailing at near neutral pH, when attachment is most 

significant. 
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INFLUENCE OF PH ON THE TRANSPORT OF SILVER NANOPARTICLES IN 
SATURATED POROUS MEDIA: LABORATORY EXPERIMENTS AND 

MODELING 

I.  Introduction 

Silver NP Applications 

Because of the antimicrobial properties and electrical conductivity of silver 

nanoparticles (NPs), these materials are being applied to a wide variety of fields, 

including biomedical, chemical and electrical engineering.  Colloidal nanosilver has been 

used as a medication for nearly one hundred years (Nowack et al. 2011).  The 

combination of their antimicrobial activity and relatively low cost is likely an important 

reason for nanosilver-containing products to comprise more than 50% of consumer 

products that contain engineered nanoparticles as of 2011 (Huynh and Chen 2011).  

Silver nanoparticles are being incorporated into the manufacture of clothes, bandages and 

food containers as deodorizers and disinfectants.  Studies have been conducted that 

explore the potential use of silver nanoparticles in drinking water treatment (Huynh and 

Chen 2011).  Silver compounds were a key weapon against wound infection during 

World War I, until the advent of antibiotics (Chen and Schluesener 2008).  Nanosilver is 

an effective killer of a broad range of Gram-negative and Gram-positive bacteria, 

including antibiotic-resistant strains (Wijnhoven et al. 2009).  Nanosilver is a successful 

fungicide against common fungi, such as Aspergillus, Candida and Saccharomyces, and 

it also inhibits HIV-1 virus replication and formation of biofilms (Wijnhoven et al. 2009).  
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For these reasons, military-specific applications of nanosilver might include uniform 

textiles and wound dressings. 

Silver NPs in the Environment 

Not all silver nanoparticles are engineered or man-made.  Silver in natural waters 

is typically associated with the particulate and colloidal forms and is therefore to some 

extent naturally present as nanoparticles and metal-sulfide clusters (Nowack et al. 2011).  

There is no conventional treatment that can definitively protect consumers from exposure 

to waterborne nanoparticles, either through recreational use or drinking water 

consumption (Weinberg et al. 2011).  Furthermore, most common analytical equipment is 

unable to accurately characterize nanosilver suspensions at the lower range of 

toxicologically relevant concentrations that would be expected in an environmental 

release (<< 1 mg/L) (Kennedy et al. 2010). 

Many aspects of nanosilver behavior, including antibacterial potency, eukaryotic 

toxicity, environmental release and particle persistence, are influenced by the ionic 

activity of the particle suspension  (Liu and Hurt 2010).  Ion release rates increase with 

temperature in the range 0-37°C and decrease with increasing pH or addition of humic or 

fulvic acids (Liu and Hurt 2010).  Colloids of spherical AgNPs have a characteristic 

yellow color due to their surface plasmon absorption near 400 nm (Amendola et al. 

2007), although suspensions of nanosilver in varying ionic strength solutions have been 

observed with colors such as orange, red, blue and gray (Kennedy et al. 2010). 
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Ionic silver (Ag+) can adsorb to nanosilver particles, so high particle 

concentrations would provide more binding surfaces for Ag+ (Kennedy et al. 2010).  

Since Ag+ adsorbs to silver nanoparticle surfaces, even simple colloids contain three 

forms of silver: Ag0 solids, free Ag+ (or its compounds) and surface-adsorbed Ag+ (Liu 

and Hurt 2010).  In Liu and Hurt (2010), both thermodynamic analysis and kinetic 

measurements indicated that Ag0 nanoparticles would not be persistent in environments 

containing dissolved oxygen, but would be converted to the ion form by reactive 

dissolution.  In addition, natural organic matter, which is common in natural waters, has 

been shown to adsorb to the surface of nanoparticles, enhancing their stability through 

either steric or electrostatic repulsion (Li et al. 2010). 

Most synthesis methods fabricate silver nanoparticles that are spherical with a 

diameter of less than 20 nm (Tolaymat et al. 2010).  The synthesis procedures are 

categorized into top-down and bottom-up methods (Tolaymat et al. 2010).  The top-down 

techniques take silver in bulk form and mechanically reduce its size to the nanoscale 

using specialized methods such as lithography or laser ablation.  The bottom-up (also 

known as self-assembly) technique involves dissolution of silver salt, such as silver 

nitrate, into a solvent, followed by addition of a reducing agent (e.g., NaBH4), possibly 

supplemented by a stabilizing agent, like citrate, to prevent agglomeration of 

nanoparticles (Tolaymat et al. 2010).  The specific solvents and reducing agents used in 

these processes affect the physical characteristics of the resulting manufactured silver 

nanoparticles.  These specific characteristics, in turn, influence the fate, transport and 

toxicity of these nanoparticles in the environment.  For example, sodium citrate used as a 
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reducing agent generates a negatively charged nanoparticle, which may behave 

differently than a positively charged nanoparticle generated using branched 

polyethyleneimine (Tolaymat et al. 2010). 

As silver nanoparticle production increases, so do concerns about potential 

adverse effects on human health and the environment.  Many products that make use of 

silver nanoparticles may release silver in the form of nanoparticles or soluble ions during 

use, washing, abrasion or disposal (Liu et al. 2010).  Modeling results indicate that up to 

15% of total silver in the form of ions or AgNPs could be released from antibacterial 

plastics and textiles into water (Choi et al. 2009), and a study by Benn and Westerhoff 

(2008) found that half of the socks studied released nearly 100% of their silver content in 

four consecutive washes.  Silver nanoparticles themselves can act as a slow-release 

source of ionic silver over time (Tolaymat et al. 2010), though the dissolution process is 

dependent on environmental conditions, such as pH. 

The growing use of nanosilver in food products, medical applications, sprays and 

other consumer products and the increasing use and disposal of nanosilver in the 

environment imply that human exposure to nanosilver is inevitable and that this exposure 

can be expected to increase in the near future (Wijnhoven et al. 2009).  

Toxicity 

Silver nanoparticles are a broad-spectrum antimicrobial agent that act on more 

than 650 different types of disease-causing organisms, including viruses (Schrand et al. 
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2010).  Three mechanisms have been proposed for the antimicrobial properties of silver 

nanoparticles (Tolaymat et al. 2010): 

1. adhesion of nanoparticles to the bacterial surface, altering membrane properties, 

with possible degradation of lipopolysaccharide molecules and accumulation 

inside the membrane by forming pits and causing large increases in membrane 

permeability 

2. penetration of silver nanoparticles inside the bacterial cell, resulting in DNA 

damage 

3. dissolution of silver nanoparticles, with releases of antimicrobial ionic silver 

Eukaryotic (mammalian) cells appear less sensitive to silver, which may be 

explained by the higher structural and functional redundancy and size of eukaryotic 

compared to prokaryotic (bacterial) cells (Wijnhoven et al. 2009).  This difference may 

result in an increase in the silver concentration needed to achieve comparable toxic 

effects on eukaryotic cells versus bacterial cells. 

As the size of a particle shrinks, its surface-area-to-volume ratio increases, 

allowing a higher proportion of its atoms or molecules to be located on the surface, 

resulting in increased surface reactivity (Schrand et al. 2010).  As particle size decreases, 

there is a propensity for toxicity to increase, even if the same material is relatively 

harmless in bulk form.  Nanoparticles may be able to enter the body via routes such as the 

gastrointestinal tract, lungs, injection into the blood stream and passage through the skin 

(Schrand et al. 2010).  Silver and copper nanoparticles have shown a greater potential to 



 

 

6 

 

migrate through organ systems, compared to larger materials, and may not be detected by 

normal phagocytic defenses, allowing the particles to gain access to the bloodstream or 

cross the blood–brain barrier into the nervous system (Schrand et al. 2010). 

Although some uncertainty remains about the precise mechanism(s) of nanosilver 

toxicity, one potential explanation is the interaction of nanoparticles with microbes, 

involving silver ion release and particle cellular internalization (Choi et al. 2010).  Others 

have postulated a contribution from particle surface reactions that either generate reactive 

oxygen species (ROS), leading to oxidative stress, or catalyze oxidation of cellular 

components (Liu et al. 2010).  ROS are considered to be the major source of spontaneous 

damage to DNA (AshaRani et al. 2009).  Silver nanoparticles or silver ions inside the cell 

nucleus may bind to DNA and enhance the DNA damage caused by ROS (AshaRani et 

al. 2009).  DNA-damaging agents have the potential to cause genome instability, which is 

a predisposing factor in carcinogenesis (AshaRani et al. 2009).  The generation of ROS 

can oxidize double bonds on fatty acid tails of membrane phospholipids in a process 

known as lipid peroxidation, which increases membrane permeability and fluidity, 

making cells more susceptible to osmotic stress and impeding nutrient uptake (Klaine et 

al. 2008).  Peroxidized fatty acids can then elicit reactions that create other free radicals, 

leading to further cell membrane and DNA damage. 

Silver nanoparticles can also be seen as ionic delivery agents, where nanosilver 

acts in an analogous fashion to a drug delivery system in which the nanoparticle contains 

a concentrated inventory of silver ions, which is transported to and released at or near 

biological target sites (Liu et al. 2010).  Thiol-containing proteins have been shown to be 
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major targets for silver ion toxicity; thiols in living systems play an important role in 

antioxidant defense, protein synthesis and structure and immune regulation (Liu et al. 

2010).  Ionic silver may, in turn, bind to sulfur- and phosphorus-containing molecules 

(e.g., S-adenosylmethionine, cysteine, taurine, glutathione) involved in cell antioxidant 

defense and may thereby result in a drop in the intracellular concentration of these 

molecules.  The toxicity of AgNPs is also derived, in part, from their effect on cellular 

energy metabolism, as AgNPs have been shown to decrease mitochondrial function (Kim 

et al. 2009).  Potential target organs of nanosilver may include the liver and the immune 

system (Wijnhoven et al. 2009). 

Nanosilver toxicity is also species-specific (Choi et al. 2010).  Ionic silver is 

considered to be the second most toxic metal, after mercury, to freshwater fish and 

invertebrates (Kennedy et al. 2010).  In a study of the effects of nanosilver on fish, Shaw 

and Handy (2011) found an increase in hepatic silver that indicates there was some 

uptake and transport of silver from nanoparticles themselves, which cannot be explained 

by dissolution of silver ions alone.  Unusual pathologies due to nanoparticles observed in 

the brain of fish and elsewhere also suggest there may be additional or unique hazards 

attributable to the nanoscale (Shaw and Handy 2011).  Another study by Kennedy et al. 

(2010) indicated a trend of decreasing toxicity with increasing particle size. 

Furthermore, in a study by Kim et al. (2008) on rats, 28 days of repeated oral 

doses of silver nanoparticles induced liver toxicity and demonstrated a coagulation effect 

on peripheral blood.  The kidneys showed a sex-dependent accumulation of silver, with a 
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twofold higher accumulation in female rats when compared with male rats across all dose 

groups (Kim et al. 2008). 

Effects of Environmental Conditions on NP Transport 

The fact that groundwater is a critical pathway by which contaminants have 

potential to reach biological receptors, including humans, makes the fate and transport of 

nanosilver in groundwater a concern.  The fate and transport of silver nanoparticles are 

controlled by many variables, such as whether the particles have a capping agent, particle 

size and surrounding environmental conditions (Tolaymat et al. 2010).  Bacterially-

produced proteins play a role in the aggregation of natural nanoparticles and the 

aggregation state of nanoparticles may affect their transport in the environment, as well 

as their chemical reactivity (Aruguete and Hochella 2010).  The stability of nanoparticles 

is an area of current research, but it is clear that in many cases nanoparticle suspensions 

can be stable in the environment, especially in the presence of organic solutes that 

associate with colloid surfaces (Nelson and Ginn 2011).  Because of this environmental 

stability, it is important to develop an understanding of the fate and transport of 

environmental nanosilver.  The movement of nanoparticles in porous media is impeded 

by two processes: (1) straining or physical filtration, where a particle is larger than the 

pore and is trapped and (2) filtration where the particle is removed from solution by 

interception, diffusion and sedimentation (Nowack and Bucheli 2007); however, particles 

removed from solution by these processes can easily become re-suspended when changes 

occur in chemical or physical conditions (e.g., changes in pH, ionic strength, flow rate). 



 

 

9 

 

Ionic strength and pH are two environmental parameters that have been observed 

to influence nanoparticle behavior in water (Johnson et al. 2007).  According to Navarro 

et al. (2008), an increase in ionic strength compresses the electric double layer, thus 

decreasing electrostatic repulsion between two objects with the same charge; the energy 

barrier then decreases and the attachment probability increases.  El Badawy et al. (2010) 

found that uncoated and citrate- and NaBH4-coated silver nanoparticles aggregated at 

higher ionic strengths (100 mM NaNO3) and/or acidic pH (3.0), while the presence of 

Ca2+ (10 mM) resulted in aggregation of the silver nanoparticles without regard to pH.  

The surface charge and aggregation of branched polyethylenimine-coated silver 

nanoparticles also varied according to solution pH (El Badawy et al. 2010).  Li et al. 

(2010) found that increasing electrolyte concentration leads to a corresponding increase 

in aggregation rate by diminishing the electrostatic energy barrier to aggregation that 

exists between negatively charged AgNPs (Li et al. 2010).  In a study of titania (TiO2) 

nanoparticles, the deposition process, a retention mechanism of nano-TiO2 in saturated 

porous media, was impacted by surfactant and pH (Godinez et al. 2011).  Surfactants are 

commonly used to enhance nanoparticle stability or dispersion in solution. 

In a study by Tian et al. (2010), sodium dodecylbenzene sulfonate, an anionic 

surfactant, was used to disperse engineered nanoparticles, enhancing their stability in 

water; the solubilized nanoparticles were then applied to laboratory columns packed with 

two types of water-saturated quartz sand to obtain their effluent concentration versus time 

breakthrough curves.  The experimental results showed the surfactant-solubilized 

nanoparticles were highly mobile in saturated porous media; less than 15% of the silver 
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nanoparticles were retained in the column during the breakthrough experiments (Tian et 

al. 2010).  The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory and a colloid 

transport model were used to simulate the fate and transport of the engineered 

nanoparticles in the sand columns; the DLVO theory worked well in modeling transport 

of the silver nanoparticles (Tian et al. 2010).  However, in similar column experiments by 

Lin et al. (2011), DLVO theory alone was not sufficient to predict attachment efficiency 

of AgNP. 

DLVO theory was also unsuccessful in predicting transport of zerovalent iron 

nanoparticles in a study by Lerner et al. (2012), in which a model that incorporated steric 

effects as well as DLVO effects was necessary to adequately describe the particle 

retention seen in column experiments.  Attachment of nanoparticles in porous media is 

the result of a combination of forces, including van der Waals attraction, steric 

interactions, hydrophobic interactions and electrostatic repulsions (Lerner et al. 2012).  

For example, increased surface charge has been shown to increase inter-particle repulsion 

and nanoparticle mobility in saturated porous media (Petosa et al. 2012). 

Engineered nanoparticles released into the environment are typically coated with 

natural or engineered organic materials, which are known to considerably influence the 

attachment of nanoparticles to porous media.  Song et al. (2011) explored the effects of 

several different coatings on transport through glass beads.  They found that coatings 

with higher hydrophobicity have greater attachment to hydrophobic surfaces, but 

attachment efficiencies are low overall, due to the repulsive interactions between AgNPs 

and glass beads, both of which have a net negative surface potential (Song et al. 2011). 
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Soil characteristics are also thought to have an effect on AgNP transport.  

Transport through a negatively charged sandy soil will be dominated by repulsion forces, 

causing AgNPs to be more mobile, while transport through positively charged soils will 

be dominated by attraction forces, deterring AgNPs from reaching groundwater 

(Tolaymat et al. 2010). 

Problem Statement 

Current literature lacks a thorough examination of the effect of solution pH on 

AgNP fate and transport.  Lin et al. (2011) investigated the effect of ionic strength on 

AgNP transport, and some of their work has been duplicated and confirmed in this 

present study, but the purpose of Lin et al. was to examine the effect of porous media 

surface composition, so only two pH values were studied.  The present study aims to 

advance the state of AgNP research by more thoroughly investigating the effect of pH on 

attachment efficiency and incorporating findings into a useful model. 

Research Objectives 

The objective of this study is to investigate how AgNPs are transported in 

groundwater under different pH conditions.  Specific questions to be answered include: 

1. What physical and chemical processes (advection, dispersion, filtration, 

aggregation, release of Ag+) are relevant to transport of AgNPs in porous media? 

2. What model governing equations and parameter values are appropriate to describe 

AgNP fate and transport in porous media? 
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3. How is AgNP transport affected by the presence of hydrogen ions in 

groundwater? 

4. How do the model governing equations and parameter values change in response 

to the presence of hydrogen ions in groundwater? 

Scope and Approach 

Glass columns, fitted with tubing and packed with glass beads, were constructed, 

into which a peristaltic pump was used to feed background solution of Cl ion and 

suspensions of AgNPs.  The quantification of AgNP particles in suspensions at different 

pH levels before and after passing through the porous media-packed column was 

performed using analytical methods such as high resolution transmission spectroscopy 

(HRTEM), dynamic light scattering (DLS) and ultraviolet (UV) visible spectroscopy.  

The zeta-potential and particle size distribution of AgNPs were measured at 25°C, at 

different pH levels, using zeta sizing and DLS. 

Experimental results were analyzed using a mathematical model that describes the 

processes affecting the fate and transport of nanomaterials (NMs) in porous media.  

Based on results obtained at various pH levels, parameters that provide the best fit of 

model simulation to the data were obtained. 

Significance 

Due to the rapidly expanding quantity of NMs that are manufactured, transported, 

used and disposed of in society, it is inevitable that releases into the environment (both 
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intentional and accidental) will be common.  Many of these releases will occur on the 

ground surface and subsurface and it is possible that significant quantities of NMs will 

make their way to groundwater, where they will be transported to human and 

environmental receptors downstream.  Clarification of the various transport processes 

will provide fuller understanding of the risks posed by intentional or accidental releases 

of nanosilver into the subsurface and enable better decision-making to manage those 

releases. 

Preview 

 This thesis uses the scholarly article format.  Chapter II contains the journal 

article which will be submitted to Environmental Science and Technology.  As an 

independent chapter, the article includes the abstract, introduction, materials and 

methods, and results and discussion of this research as prescribed by the selected journal.  

Chapter III provides a summary of the primary findings discussed in the article, as well as 

related topics for future study. 
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II.  Scholarly Article 

Influence of pH on the transport of silver nanoparticles in saturated porous media: 
Laboratory experiments and modeling 

 
Jason Flory, Sushil R. Kanel, LeeAnn Racz, Christopher Impeliteri, Rendahandi G. Silva, 

Mark N. Goltz 

Abstract  

Given the ubiquity of silver nanoparticles (AgNPs), the largest and fastest 

growing category of nanomaterials, and their potential for toxic effects to both humans 

and the environment, it is important to understand their environmental fate and transport.  

The purpose of this study is to gain information on the transport properties of unmodified 

AgNP suspensions in a glass bead-packed column under saturated flow conditions at 

different solution pH levels.  Commercial AgNPs were characterized using high 

resolution transmission spectroscopy (HRTEM), dynamic light scattering (DLS) and 

ultraviolet (UV) visible spectroscopy.  Transport data were collected at different pH 

levels (4, 6.5, 9 and 11) at fixed ionic strength.  Capture of AgNPs increased as the pH of 

the solution increased from 4 to 6.5.  Further increase in pH to 9 and 11 decreased the 

attachment of AgNPs to the glass beads.  AgNP concentration versus time breakthrough 

data were simulated using an advection-dispersion model incorporating both irreversible 

and reversible attachment.  In particular, a reversible attachment model is required to 

simulate breakthrough curve tailing at near neutral pH, when attachment is most 

significant. 
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Introduction 

Engineered metal nanomaterials (NMs) are extensively used in various sectors 

due to their unique physical and chemical properties that differ from their bulk 

counterparts (Aitken et al. 2006, Kanel and Al-Abed 2011).  Silver nanoparticles 

(AgNPs) have become one of the most widely used nanomaterials in consumer products 

(Impellitteri et al. 2009, Benn et al. 2010), medical and pharmaceutical supplies (Faunce 

and Watal 2010), environmental applications and electronics (Kim et al. 2007, 

Wijnhoven et al. 2009, Tolaymat et al. 2010).  The extensive use of AgNPs is largely due 

to their potency as broad-spectrum antimicrobial and antiviral agents (Kim et al. 2007).  

The United States Environmental Protection Agency (USEPA) has set water quality 

criteria values for silver in fresh water and salt water at 3.2 µgL-1 and 1.9 µgL-1, 

respectively (USEPA 2012).  The USEPA has also instituted a secondary drinking water 

standard for silver of 100 µgL-1 (Benn and Westerhoff 2008).  Even though there is no 

maximum contaminant level for silver or AgNPs, recently, USEPA has categorized NMs 

as emerging contaminants, specifically noting the potential toxic effects of AgNPs 

(USEPA 2010). 

Recent in vitro and in vivo studies using various cell lines, algae, zooplankton, 

fish, rats and mice have indicated that AgNPs have toxic effects (Nel et al. 2006, Yang et 

al. 2010).  Due to the inevitable release of AgNPs into the environment, their fate and 

transport need to be investigated.  In particular, understanding is needed as to how 

AgNPs are transported in the subsurface by groundwater, as groundwater is an important 

pathway of contaminants to human and environmental receptors (Fan et al. 2010).   
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A limited number of batch and column studies have been conducted using AgNPs 

to better understand their behavior under various environmental conditions.  The surface 

charge and hydrodynamic diameter of AgNPs in batch experiments were investigated for 

different pH values, ionic strengths and background electrolytes (El Badawy et al. 2011).  

The investigators found that the size of sodium borohydride-reduced AgNPs in batch 

experiments were 13 nm, 14 nm and 12 nm in 10 mM NaCl solution at pH of 3, 6 and 9, 

respectively.  Batch study showed AgNPs turn to Ag2S in the presence of sulfur and 

chainlike structures form (Levard et al. 2011).  The influence of dissolved oxygen on 

aggregation kinetics of citrate-coated AgNPs in a batch study has been reported (Zhang et 

al. 2011).  The studies reported above were based on batch experiments.  However, to 

better understand AgNP transport in groundwater, column experiments are more useful 

(Kanel et al. 2008, Kanel and Al-Abed 2011).     

There are limited studies reported on AgNP transport through porous media in 

column studies for example sodium dodecylbenzene sulfonate (SDBS)-stabilized silver 

oxide-coated AgNPs were studied in column experiments.  There was incomplete 

breakthrough of AgNPs (AgNP peak effluent concentrations were 80% of the influent 

concentration) and nearly 15% of the AgNPs were retained in the saturated column (Tian 

et al. 2010).  Interaction of gum arabic- (GA), citrate- and polyvinylpyrrolidone (PVP)-

coated AgNPs with hydrophobic (octadecylichlorosilane (OTS)-coated glass beads) and 

hydrophilic (glass bead) surfaces was investigated in column experiments at pH 8.1  

(Song et al. 2011).  The authors found that the attachment efficiencies of GA- and PVP-

coated AgNPs increased two- and four-fold, respectively, in OTS-coated glass beads, 
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compared to clean glass beads.  Citrate-coated AgNPs showed no substantial change in 

attachment efficiency between hydrophobic and hydrophilic collector surfaces (Song et 

al. 2011).  The transport of uncoated AgNPs in porous media (glass beads and hematite-

coated glass beads) at acidic and basic pH was studied in column experiments.  At pH 

levels lower than the point of zero charge of hematite, the affinity of AgNPs for hematite-

coated glass bead surfaces was significantly higher than that for uncoated surfaces.  Lin 

et al. (2011) studied the adsorption of unpurified AgNPs in hematite-coated and uncoated 

glass bead-packed columns, but the desorption of AgNPs from glass bead-packed 

columns was not studied.  As AgNPs are released into the environment, they encounter 

soil and groundwater at differing pH levels.  Hence, there is a need for conducting 

column experiments to study AgNP fate and transport in subsurface environments over a 

broad range of pH levels and capture the adsorption and desorption patterns of AgNP.  

Sodium dodecylbenzene sulfonate (SDBS)-stabilized silver oxide-coated AgNPs 

were studied in column experiments by Tian et al. (2010).  In that study, there was 

incomplete breakthrough of AgNPs (AgNP peak effluent concentrations were 80% of the 

influent concentration) and nearly 15% of the AgNPs were retained in the saturated 

column.  The Tian et al. study was conducted at a single, fixed pH, as was a study by 

Song et al. (2011) that examined stabilized AgNP transport through surface-modified and 

pristine glass bead-packed columns at pH 8.1.  As AgNPs are released into the 

environment, they encounter soil and groundwater at differing pH levels.  Hence, there is 

a need for column experiments that study AgNP fate and transport in subsurface 

environments over a broad range of pH levels.  Such a study was accomplished by Lin et 
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al. (2011), which investigated transport of uncoated AgNPs in porous media (glass beads 

and hematite-coated glass beads) at acidic and basic pH.  At pH levels lower than the 

point of zero charge of hematite, the affinity of AgNPs for hematite-coated glass bead 

surfaces was significantly higher than that for uncoated surfaces (Lin et al. 2011).  While 

Lin et al. examined the adsorption of unpurified AgNPs in hematite-coated and uncoated 

glass bead-packed columns, the desorption of AgNPs from glass bead-packed columns 

was not studied, an issue which is addressed by this present study. 

The goal of this study is to investigate how AgNPs at different pH are transported 

through porous media consisting of one-dimensional columns filled with glass beads.  

AgNPs were input as a continuous source at the influent end of a column to observe 

attachment, followed by a continuous source of 0.01 mM KCl to observe detachment of 

AgNPs from the media.  We then model AgNP transport by simulating concentration 

versus time breakthrough data at the column outlet using an advection-dispersion 

equation, modified to account for AgNP attachment to and detachment from the glass 

beads. 

Materials and Methods 

Materials 

Approximately 1000 mgL-1 concentration of AgNPs (99.99% pure) was 

purchased from US Research Nanomaterials, Inc. (Houston, TX).  The density of AgNPs 

was 10.5 g/cm3.  NaOH and HNO3 were purchased from Sigma-Aldrich.  All reagents 



 

 

19 

 

were used as received without further purification.  Ultra-pure water (Millipore, 18.2 

M-cm) was used to prepare all solutions. 

Column Experiments 

A glass column (2.5 cm inner diameter × 5 cm length, Cluxton Instruments) 

having an empty bed volume of 24.5 cm3 was used in all experiments.  The Teflon tubing 

(PTFE, 2 mm OD, Cluxton Instruments) connected to the column was soaked overnight 

in 0.1 M aqueous HNO3 solution and rinsed with deionized water to remove silver from 

the tubing.  The column was packed for each experiment with 45.0 g of fresh porous 

material (glass beads of 425 to 600 µm diameter, Sigma-Aldrich) with the intent of 

preventing cross-contamination between experiments, although some variation in packing 

density or media porosity may have been introduced by re-packing the column for each 

experiment.  The glass beads were not perfectly homogeneous, with defects of about 50 

nm in size, and separated from each other at a distance of about 0 to 200 nm (Figure 1).  

A peristaltic pump (0−100 rpm, MasterFlex) was used to feed 0.01 mM KCl background 

solution for 60 minutes in each experiment before passing either tracer solution (60 mL 

of 3 mM aqueous KCl solution) or colloidal AgNPs (60 mL of 15 mgL-1 colloidal silver) 

into the column for 60 minutes as reported in our previous work (Kanel and Choi 2007, 

Kanel et al. 2007, Kanel and Al-Abed 2011).  The influent solution flow rate (1 mLmin-1) 

was measured beforehand and continuously monitored to ensure a constant flow rate.  An 

upward flow direction was maintained to equilibrate the porous material with the influent 

solution and to enhance packing homogeneity.  Glass wool (0.1 g) was placed at both 

ends of the column to prevent elution of the porous material.  The effluent was collected 
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for silver content analysis by inductively coupled plasma optical emission spectrometry 

(ICP-OES).  After achieving breakthrough of KCl tracer or AgNPs, background solution 

was passed through the column for 120 minutes.  All column experiments were 

performed in duplicate and average values are reported.  In each experiment, 90 effluent 

samples were taken.  The average difference between duplicates for all 90 samples was 

less than 5%, although several duplicates differed by as much as 20%. 

 
Figure 1:  SEM image of glass beads 

 

Instrumentation and Analysis 

The UV absorbance of the AgNP suspensions was measured by UV-vis 

spectrophotometer (UV-Cary 60, Agilent).  An absorbance peak for AgNPs was observed 

at 410 nm, close to that found in the literature (Lin et al. 2011).  Influent stock solutions 

and column effluent samples were diluted to an effective acid concentration of 5% HNO3, 

and then analyzed by ICP-OES.  The efficacy of this sample preparation procedure was 
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verified by EPA Method 3015, followed by ICP-OES analysis.  The hydrodynamic 

diameter (HDD) of AgNPs was measured by dynamic light scattering (DLS) using a 

Zetasizer Nanoseries (Malvern Instruments) with a 633 nm laser source and a detection 

angle of 173° (HDD detection range 0.3 nm to 10 µm).  The Zetasizer was also used to 

measure electrophoretic mobility, which was converted to zeta potential using 

Smoluchowski’s approximation (see Song et al. 2011, El Badawy et al. 2010, Liu et al. 

2009).  HRTEM was used to measure the shape and size of AgNPs. 

Modeling 

We developed a model to help better describe and understand AgNP transport in 

porous media.  The model incorporates the processes of advection and dispersion to 

describe transport in a porous medium.  AgNP attachment was simulated as either 

irreversible (Equation 1)  
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or as both an irreversible and a rate-limited reversible process (Equations 2 and 3). 
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where N and Ns are the concentrations of aqueous and attached nanoparticles, 

respectively, ρ is the bulk density of the porous medium, θ is the porosity of the porous 

medium, D is a dispersion coefficient, v is the average pore velocity of the water, t is 

time, x is length, λ is a first-order irreversible attachment rate constant, and kf and α are 
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first-order attachment/detachment rate constants, respectively.  For a clean one-

dimensional column with a finite-pulse third type boundary condition at the inlet, the 

initial and boundary conditions are: 
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where nanoparticles at a concentration of N0 are injected into the column inlet (x = 0) for 

a time period tp. 

Nondimensional versions of Equations 1 through 4 are  
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L

vt
T  is a dimensionless time scale, also referred to as pore volume (PV) 

L

x
x  is a dimensionless length scale 

L  is the length of the column 

0N

N
N  is a nondimensional aqueous phase nanoparticle concentration 

0N

N
N
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s



 is a nondimensional attached nanoparticle concentration 

D

vL
Pe   is a Peclet number, the ratio of a dispersion time scale to an advection 

time scale 

v

L
Da I

irrev


 is a Damkohler number, the ratio of an advection time scale to an 

irreversible attachment time scale 

v

L
Da I

rev


 is also a Damkohler number, in this case the ratio of an advection 

time scale to a reversible attachment/detachment time scale 

L

vt
T p

p  is the dimensionless input pulse time 

Solutions presented in a program by Valocchi and Werth (2004) were used to 

model reversible and irreversible attachment of AgNPs (Valocchi and Werth 2004) 

(Equations 6 and 7, with boundary and initial conditions 8). 
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Results and Discussion 

Characterization of AgNPs 

The HRTEM images (Figure 2a) show round AgNPs with no aggregation.  A size 

histogram (Figure 2b), prepared by analyzing the TEM images of 500 AgNPs at pH 6.5 

(without adding acid or base), indicates an average diameter of 17 nm.  The diameters 

ranged from 9 nm to 30 nm. 

Zeta potential and hydrodynamic diameter of AgNPs were measured at pH 3-11.  

The point of zero charge (PZC) of the AgNPs was not found in the pH range of 3-11.  At 

all pH levels, AgNPs were negatively charged with values ranging from -8 mV to -16 mV 

(Figure 3), which agrees with the literature.  For example, El Badawy et al. (2010) found 

the zeta potential of sodium borohydride-reduced AgNPs (no surface coating) were 

approximately -32 mV and -44 mV at pH 3 and pH 11, respectively.  The same study also 

observed zeta potential of uncoated AgNPs becoming less negative at alkaline pH levels 

of 9 and higher (El Badawy et al. 2010), which this present study confirms.  Positive 

surface charge is not typically seen on AgNP at any pH, unless engineered with a surface 

coating for this purpose (El Badawy et al. 2010). 

The hydrodynamic size of AgNPs ranged from 29 to 38 nm (Figure 3).  The 

reason this size range differs from the observed HRTEM measured size is that DLS gives 

a hydrodynamic size, rather than a physical size, and DLS has a bias toward larger size 

fractions (Cumberland and Lead 2009, Khlebtsov and Khlebtsov 2011). 
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Figure 2:  (a) HRTEM image of AgNP.  Scale bar is 100 nm.  (b) Size histogram prepared by analysis 
of HRTEM images of 500 AgNPs. 

 
Figure 3:  Zeta potential and hydrodynamic size of AgNP at different pH levels. Experimental 

conditions: AgNP 15 mg/L, ionic strength 0.01 mM KCl. 

 
Transport of AgNPs 

Figure 4 shows the breakthrough curves (BTCs) which plot the normalized 

effluent concentration of Cl ion and AgNPs at different pH (4, 6.5, 9 and 11) as a 

function of pore volume.  It was assumed that the Cl tracer achieved breakthrough at 1 

pore volume, so a pore volume value was chosen (11.43 mL) that supports this 

assumption, when compared with tracer effluent sample data.  A pore volume of 11.43 
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mL results in a bed porosity of 0.47, which was used in modeling calculations.  The 

concentration of Cl ion (tracer) in the effluent increased with the continuous injection of 

the first 3 pore volumes of solution in aqueous phase and reached a stable plateau at C/C0 

= 1.  AgNPs were retarded by the porous medium and reached a stable plateau at C/C0 < 

1 at each pH.  
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Figure 4:  Breakthrough curves for (a) Cl ion and AgNPs at (b) pH 4, (c) pH 6.5, (d) pH 9 and (e) pH 
11, along with model fits.  Experimental conditions: Cl ion: C0 = 100 mg/L, AgNP: C0 ~ 20 mg/L, 

ionic strength: 0.01 mM KCl and flow rate: 1 mL/min 

The Ag BTC at pH 4 showed a C/C0 rise and elution similar to those for Cl ion 

(Figures 4a and b).  At pH 4, metallic Ag dissociates into Ag+ and AgNO3 (as HNO3 was 

added to adjust pH).  There was no AgNP peak observed when effluent was measured by 
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UV spectrophotometer.  A similar observation was reported for carbonate-coated AgNP 

at acidic pH (Piccapietra et al. 2011).  The concentration of total Ag in the effluent 

increased with continuous introduction of Ag in 0.01 mM KCl at pH 4, until a maximum 

C/C0 was reached after approximately 4.5 PV (C/C0 = 1).  After 60 minutes, the 

background electrolyte (0.01 mM KCl) was passed through the column to flush the Ag 

from the porous medium.  More than 90% of the Ag was released from the column within 

approximately 10 PV.  The release of deposited Ag (ion) is likely attributed to the 

elimination of the secondary energy minimum as discussed in previous studies using 

latex particles (Franchi and O'Melia 2003) and carbon nanotubes (Jaisi et al. 2008).  The 

fact that the height of the BTC for Ag at pH 4 is smaller than the height of the tracer BTC 

may be due to attachment of Ag ions to negatively charged glass bead surfaces.  He et al. 

(2009) provides indirect evidence for this phenomenon by observing that sand grains 

have a negatively charged surface at pH greater than 2, therefore by implication glass 

beads could be expected to exhibit similar properties. 

Incomplete breakthrough at pH 6.5 (i.e., C/C0 < 1) indicates the presence of a 

classical filtration mechanism such as direct interception.  AgNPs exist in metallic form 

and less in the form of Ag ion at this pH, suggesting that electrical charge does not play 

as great a role in particle mobility or attachment.  A tailing effect was observed while 

flushing the column with background solution (Figure 4c).  A similar tailing was seen in 

experiments by Liu et al. (2009) using boron nanoparticles, in which the tailing effect 

was attributed to weak attachment of nanoparticles to collector surfaces.  Filtration theory 

predicts that particles deposited on collector surfaces through the second energy minima 
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are susceptible to detachment by drag forces (Liu et al., 2009), which would explain 

tailing of the BTC during flushing of the column with background solution. 

In the case of AgNP at pH 9 and 11, the maximum C/C0 was greater than at pH 

6.5 (Figure 4d and e).  This finding is supported by Lin et al. (2011), in which AgNPs in 

glass beads showed greater attachment efficiency at lower pH.  Incomplete breakthrough 

(C/C0 < 1) is expected, similarly to the case of pH 6.5, due to classical filtration capture 

mechanisms. 

Four basic mechanisms are considered to account for the capture of particles by 

grains of porous media: direct interception, convective diffusion, inertial impaction and 

gravitational deposition (Clark 2009).  Gravitational deposition is only relevant in cases 

where flow velocity is small relative to settling velocity, or very low flow conditions 

(Clark 2009), and can therefore be ruled out as a factor in these experiments.  Inertial 

impaction is primarily a function of the Stokes number, or ratio of stopping distance 

(inertia of particle) to collector (grain) size (Clark 2009).  Since flow rate was held 

constant (1 mL/min) for each of these experiments, inertial impaction cannot be said to 

have any significant effect on the differences in breakthrough curves between different 

experiment runs.  In convective diffusion, attachment efficiency is inversely proportional 

to the two-thirds power of particle size for a spherical collector such as a glass bead 

(Clark 2009), which means that, as particle size decreases, convective diffusion capture 

increases.  We have seen the reverse trend in these experiments, i.e., as particle size 

increases, capture increases.  This observation leads us to direct interception, which is 

directly proportional to the square of particle size (Clark 2009).  Since, in these 
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experiments, attachment efficiency increases with increasing particle size (Table 1), we 

can deduce that direct interception is the dominant filtration mechanism at work. 

Table 1:  Comparison of hydrodynamic size of AgNP, measured via DLS, versus height of BTC 

pH  Average NP size (nm)  Maximum C/C0 

6.5  37.6  0.85 

9  36.7  0.87 

11  28.6  0.97 
 

Model Simulations of AgNP Transport 

The nonreactive chloride tracer test (Figure 4a) was simulated using Equation 5 

with 249.5pT  and 0I
irrevDa  to obtain the value of Pe.  A value of 25.6Pe  was 

used to fit the chloride breakthrough data. 

To simulate AgNP transport shown in Figures 4b, c, d and e, the Peclet number 

obtained from the chloride tracer test was used ( 25.6Pe ).  Model fits were obtained 

assuming either irreversible capture (Equation 5) or reversible attachment/detachment 

(Equations 6 and 7).  Parameters for both models are given in Table 2.  The method of 

moments for a sorbing and degrading solute (Pang et al. 2003) was applied to obtain 

values for 


fk
and I

irrevDa , and for the reversible attachment/detachment model, 
I
revDa was 

chosen to fit the tailing portion of the breakthrough curve.  Figure 4b shows AgNP 

breakthrough data and model fits for experiments conducted at pH 4.  Note that for the 

irreversible capture model, there is only one fitting parameter, I
irrevDa  and for the 

reversible attachment/detachment model, there are only two parameters, I
irrevDa  and
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I
revDa .  The small number of fitting parameters may explain the somewhat poor fits of 

the models to the rising and falling legs of the breakthrough data, especially as seen in 

Figure 4b.  It would appear that either the flow rates or the input pulse times varied from 

experiment to experiment, resulting in the model simulations not closely matching the  

rising and falling legs of the breakthrough data.  Note in all four figures (Figures 4b, c, d 

and e) that the shape of the data is simulated quite well by the reversible 

attachment/detachment model.  In particular, the reversible attachment/detachment model 

appears to do an excellent job simulating the pH 6.5 BTC data (Figure 4c), and it is at this 

pH that attachment of the AgNPs is most significant, per the earlier discussion.   

Table 2:  Model parameter values 

 Irreversible Capture Model Reversible Attachment/Detachment Model

pH Pe R I
irrevDa  Pe R I

irrevDa  I
revDa  

4 6.25 1 0.097 6.25 1.593 0.01 0.10 
6.5 “ “ 0.39 “ “ 0.28 0.60 
9 “ “ 0.21 “ “ 0.20 0.15 
11 “ “ 0.20 “ “ 0.28 0.20 

 

To obtain mass balance, an additional column experiment at pH 6.5 was 

conducted.  Total Ag was measured from effluent solution as well as from the porous 

medium.  Expressed as fractions of the total mass of Ag input, 92% was recovered in the 

effluent, 3% was recovered from the porous medium, with the remaining 5% 

unaccounted for. 
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Significance 

In this study, we examined the transport of AgNPs and Ag ions in porous media 

under saturated conditions at different pH.  At low pH, silver was almost totally in the 

ionic form, and although transport of the Ag ion was similar to transport of a nonreactive 

tracer, Ag elution was incomplete (C/C0 < 1), potentially due to attachment of Ag ions to 

negatively charged glass bead surfaces.  On the other hand, AgNP transport was not 

retarded compared to Ag ion or tracer transport and its C/C0 reached ~ 0.8.  At high pH, 

AgNPs showed limited attachment efficiency, while at neutral pH, comparatively higher 

attachment efficiency was seen, as well as a tailing effect in the BTC, which implies that 

AgNP release into a near-neutral aquifer could result in a relatively long-term 

contamination issue.  The understanding gained through this study will help in managing 

the disposal of AgNPs and their products, such as Ag ion.  More research is needed in the 

study of AgNPs’ and their products’ fate and transport in the presence of cations, anions, 

organic matter and contaminants (organic, inorganic and heavy metals) in soil and 

groundwater. 

Based on the modeling results shown in Figure 4 and the parameter values in 

Table 2, we can make a few observations: 

1. Capture of AgNPs at low pH values (e.g., 4) is much less than at higher pH.  

Under acidic conditions, AgNPs are oxidized to produce ionic silver (Weinberg et 

al. 2011), which would be expected to resist attachment to collector surfaces, 

being smaller in size and therefore less likely to experience classical filtration 

capture mechanisms, compared to AgNPs. 
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2. Capture and tailing behavior is most significant at near-neutral pH.  In a neutral 

pH environment, the oxidation described above is less likely to occur, so a higher 

rate of attachment is expected.  Tailing may be caused by detachment from 

collector surfaces due to drag forces (Liu et al. 2009). 

3. A model that incorporates both irreversible and reversible attachment is needed to 

simulate AgNP breakthrough data.  In particular, a reversible attachment model is 

required to simulate breakthrough curve tailing at long times. 
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III.  Conclusion 

Summary of Findings 

In this study, the transport of AgNPs and Ag ions in porous media under saturated 

conditions at different pH was examined.  At low pH, silver was almost totally in the 

ionic form and, although transport of Ag ion was similar to transport of a nonreactive 

tracer, Ag elution was incomplete (C/C0 < 1), potentially due to attachment of Ag ions to 

negatively charged glass bead surfaces.  AgNP transport was not retarded compared to 

Ag ion or tracer transport and its C/C0 reached ~ 0.8.  At high pH, AgNPs showed limited 

attachment efficiency, while at neutral pH, comparatively higher attachment efficiency 

was seen, as well as a tailing effect in the BTC, which implies that AgNP release into a 

near-neutral aquifer could result in a relatively long-term contamination issue.  The 

understanding gained through this study will help in managing the disposal of AgNPs and 

their products, such as Ag ion. 

The following three key observations were made: 

1. Capture of AgNPs at low pH values (e.g., 4) is much less than at higher pH.  

Under acidic conditions, AgNPs are oxidized to produce ionic silver (Weinberg et 

al. 2011), which would be expected to resist attachment to collector surfaces, 

being smaller in size and therefore less likely to experience classical filtration 

capture mechanisms, compared to AgNPs. 

2. Capture and tailing behavior is most significant at near-neutral pH.  In a neutral 

pH environment, the oxidation described above is less likely to occur, so a higher 
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rate of attachment is expected.  Tailing may be caused by detachment from 

collector surfaces due to drag forces (Liu et al. 2009). 

3. A model that incorporates both irreversible and reversible attachment is needed to 

simulate AgNP breakthrough data.  In particular, a reversible attachment model is 

required to simulate breakthrough curve tailing at long times. 

Recommendations for Future Research 

It is essential that bioenvironmental engineering officers in particular, and the Air 

Force and Department of Defense (DoD) in general, develop expertise with respect to the 

fate, transport, and effects of NMs, as NM use within the Air Force and DoD is 

anticipated to increase extensively in the coming years.  NMs are currently being 

monitored as emerging contaminants of interest on DoD’s Materials of Evolving 

Regulatory Interest Team (MERIT) watch list.  In response to a Government 

Accountability Office query, the DoD noted a number of potential uses of NMs within 

DoD, a sampling of which follows: adaptive structures; responsive coatings; thermal 

control and system protection; nanoenergetics for munitions, fuels and high energy-

density power generation and storage; sensors; signal processors. 

Future study should investigate the effect on transport of variations in factors such 

as AgNP size, water flow rate, porous media grain size and AgNP surface modification.  

These are the objectives of Phase II of this study, to be conducted at AFIT in the coming 

year.  Furthermore, research examining mitigation methods that can be applied to reduce 
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the potential for AgNPs to be transported to receptors at concentrations that may pose a 

risk would be valuable. 
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