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ABSTRACT 

The application of engineered nanomaterials has improved many traditional 

groundwater remediation technologies; however, the development of novel nano-scale 

remediation technologies remains limited. magnetic shell crosslinked knedel-like 

(MSCKs) are novel polymeric nanoparticles whose application towards groundwater 

remediation is promising. MSCKs differ from traditional remediation technologies in 

that they are non-reactive and highly selective for specific contaminants.  

MSCKs are spherical particles with a hydrophilic shell and hydrophobic core 

which entraps suspended iron oxide nanoparticles, rendering MSCKs magnetic. MSCKs 

operate like discrete surfactant packets: increasing the mobility and apparent solubility 

of hydrophobic species, but doing so within the confines of discrete particles which can 

then be recovered by filtration or magnetic removal. MSCKs accomplish this via the 

sequestration of hydrophobic species through the shell and into the core where the 

hydrophilic environment is able to entropically stabilize the contaminant. In aqueous 

phase benchtop tests, MSCKs have been shown to sequester ten times their mass of 

crude oil.  

This study explores the transport characteristics and contaminant sequestration 

capabilities of MSCKs in saturated porous media. Transport characteristics were 

determined via one dimensional impulse column experiments in columns containing a 

saturated sand or a saturated sand/clay mixture. Sequestration experiments were 

determined under identical conditions, with aqueous phase contaminant sequestration 

being done in ambient 8.66 mg/L m-xylene (aq) and free phase contaminant sequestration 
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being conducted in a column with roughly 5% of the pore space occupied by free phase 

mineral oil.   

The results of these column studies indicated that MSCKs readily transport 

through saturated sand with virtually no loss in recovery but that in the presence of 

clays, MSCK transport is retarded via irreversible attachment and/or aggregation and 

straining of MSCKs. The presence of hydrocarbons in either the aqueous phase or free 

phase also reduces the mobility of MSCKs and lowers recovery.  

Additionally, this study has revealed that MSCKs can remove m-xylene (aq) to 

below the detection limit and well below the regulatory limits for residential 

groundwater. The sequestration of free phase mineral oil by MSCKs was significantly 

lower, with mineral oil recovery totaling between 3% and 10% of the total mass of 

MSCKs injected.  
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NOMENCLATURE 

 

MSCK Magnetic Shell Crosslinked Knedel-like Nanoparticles 

USEPA United States Environmental Protection Agency 

BTC Breakthrough Curve 

CDF Cumulative Distribution Function 

CHP Constant Head Permeameter 
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1. INTRODUCTION  

1.1. Overview of Research 

The objective of this research was to determine if magnetic shell crosslinked 

knedel-like (MSCKs) nanoparticles are a viable groundwater remediation technology. 

This project was intended to serve as a proof of concept study for future research into the 

use of MSCKs and MSCK derivatives in groundwater remediation. Although various 

other engineered nanoparticles (ENPs) have been studied for potential use as 

groundwater remediation tools, the application of polymeric amphiphilic ENPs for the 

remediation of groundwater has yet to be demonstrated 1, 2. For the purposes of this 

research, the viability of MSCKs as a groundwater remediation technology was 

determined by the following criteria: 

1) MSCKs readily transmit through saturated porous media; 

2) MSCKs sequester aqueous phase contaminants during transport; and 

3) MSCKs sequester non-aqueous phase contaminants during transport.  

These criteria were assessed by conducting a column study using sand and sand clay 

mixtures in both the presence and absence of aqueous phase hydrocarbons and non-

aqueous phase hydrocarbons. 

1.2. Properties of Engineered Nanoparticles 

Engineered nanomaterials (ENMs) are rigorously defined as materials which have at 

least one side measuring between 1 nanometer (10-9 m) and 0.1 micrometer (10-7 m) 3. 

ENMs meeting these size constraints in one dimension are referred to as nano- or thin-

films and are commonly applied as a surface coating to enhance the reactive, conductive, 
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or electrical properties of the parent material 4. Discrete particles which meet the 

aforementioned size constraints in two or three dimensions are classified as ENPs and 

are much more mobile in the environment 5. 

In general, ENPs typically fall into one of three broad categories, depending on their 

composition: polymeric/micelle, carbon-based, or metal/metal oxide. MSCKs fall into 

the polymeric/micelle category which, although increasingly popular in chemistry and 

materials science research, are uncommon in industrial or commercial settings and have 

yet to be fully explored in the environmental engineering literature. Carbon-based 

nanoparticles consist of Fullerenes (e.g., C60 or, colloquially, Bucky Balls) and carbon 

nanotubes. Metal and metal oxide nanoparticles typically consist of a metal core with a 

solvent stabilized core (typically the oxidized metal) and are arguably the most 

researched  ENP for environmental remediation applications 6, 7. This focus is largely 

fueled by the size dependent toxicological properties of these ENPs, coupled with their 

widespread industrial use, and has led to considerable debate on how they should be 

classified, particularly when discussing ENPs as emerging contaminants 8, 9. Nanoscale 

zero valent iron (nZVI) is of particular interest due to its widespread use in water 

treatment and groundwater remediation, particularly in permeable reactive barriers 

(PRBs).  

When discussing ENMs, it is important to note the effect that particle size has on 

the properties of the material in question. Electrical, chemical, and physical interactions 

between ENMs and other materials typically occur at the surface of the ENM. Since 

volume and mass are linearly related, the surface area to volume ratio essentially 
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describes the amount of surface area available to interact with external media per unit of 

mass of the ENM. For spherical ENPs, the surface area to mass ratio can be calculated 

by: 

𝑆𝐴

𝑉 ∗ 𝜌
=  

𝜋 ∗ 𝑑2

𝜌 
6 ∗ 𝜋 ∗ 𝑑3

=
6

𝜌 ∗ 𝑑
 

where SA is the surface area, V is the volume, ρ is the density of the ENP, and d is the 

diameter of the spherical particle. As d decrease, the SA/V increases, meaning that the 

smaller the ENP, the more surface area is available per unit of mass. In addition to this 

increase in SA/V, smaller particle diameters mean that for a given mass of material, the 

number of particles also increases (Figure 1).  

Figure 1 – Surface area to volume ratio as a function of particle diameter (blue line). 

Number of particles per unit mass as a function of particle diameter (red line). Assumes 

uniform spherical particles with a density of 1 g/cm3. 
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Another significant effect is that as particle size decreases, ENPs that are 

sufficiently small have also been observed to act as though they were a single atom or 

molecule with regard to electron and heat transfers and chemical reactions 8. This 

molecular-like behavior is further emphasized when particle size is small enough that 

Brownian motion starts to outweigh gravitational effects. Because of these properties, 

suspended ENPs are able to disperse into dead spaces in porous media much more 

efficiently than larger particles while also enhancing the reaction kinetics for ENPs 

relative to bulk particles of the same composition 17. The size and distribution of ENMs 

varies greatly depending composition and manufacturing process; however, most 

environmentally relevant ENPs are between 25 and 810 nm in diameter (e.g., Table 1).   

 
 
 
Table 1 - Common ENP size distribution  
 

ENP type 
Mean Particle Size (nm) 

(range given in parentheses) 
Reference 

C60 75 (25-500) 10, 11 

TiO2 330 (175-810) 12 

SiO2 205 (135-510) 12  

ZnO 480 (420-640) 12  

Fe0 >1000 13 

Fullerol 100 14-16 
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1.3. Properties of MSCKs  

MSCKs are spherical and monodisperse amphiphilic, polymeric nanoparticles 

which were first reported in 2013 18. MSCKs are assembled via the micellization of 

diblock copolymers of poly acrylic acid-block-poly styrene (PAA-b-PS) in the presence 

of oleic acid-stabilized iron oxide nanoparticles and are then crosslinked for stability. 

The resulting core-shell morphology (Figure 2), is flexible and permeable, allowing for 

the diffusion of hydrophobic pollutants into the hydrophobic core of the MSCK. This 

permits the entropic stabilization of hydrophobic species from the aqueous phase into the 

core of the MSCKs, essentially allowing MSCKs to act as discrete surfactant packets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - Morphology of  MSCKs 
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The iron oxide particles in the MSCKs core impart a can then be used to recover the 

loaded particles via the application of a sufficiently strong magnetic field. Experiments 

conducted by Pavia-Sanders et al. indicate that MSCKs have a maximum loading 

capacity of ca. 10 grams of crude oil per gram of MSCKs 18. Furthermore, Pavia-Sanders 

et al. were able to demonstrate the recyclability of these MSCKs with no loss in loading 

capacity. 

In addition, Pavia-Sanders et al also postulated that MSCKs could be fine-tuned to 

target specific contaminants via modification to the composition of the core and/or shell 

of the polymers, potentially leading to a contaminant-specific remediation technology 

for species such as PCBs, heavy metals, or fluorinated compounds.  
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2. LITERATURE REVIEW 

2.1. Groundwater Contamination and Contaminants  

Although substantial environmental remediation efforts have been conducted 

since the inception of environmental programs such as the Resource Conservation and 

Recovery Act (RCRA) and the National Priority List (NPL), the need for environmental 

remediation remains high. In 2004, the United States Environmental Protection Agency 

(USEPA) estimated that between $6-8 billion were spent annually on environmental 

cleanup efforts, and forecasted that this rate was sustainable for 30 to 35 years 19. In 

2014 alone, 6,800 confirmed underground storage tank releases were reported to the 

USEPA, bringing the total number of unresolved UST sites to 74,000 20. In addition to 

these UST sites, the NPL has grown to over 1,300 sites, of which 45% include 

groundwater contamination 21. From 2009 to 2011, the number of decision documents 

issued by the USEPA which included in situ remediation of contaminated groundwater 

continued its rising trend, totaling 38% of all decisions. Of these decision, 

bioremediation and chemical treatment were components of 62% and 35% of all 

decisions respectively, with the most prevalent contaminants being RCRA 8 heavy 

metals (69% of all sites), volatile organic compounds (67%), and semi-volatile organic 

compounds (59%).  

2.2. Current Groundwater Remediation Technologies  

The predominant technologies currently employed for the remediation of 

groundwater include various combinations and permutations of chemical oxidation and 

reduction, biological degradation and natural attenuation, soil vapor extraction, and 
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immobilization via sorption media 22. Each of these methods has limitations which must 

be considered when designing a remediation project. 

2.2.1. Chemical Oxidation and Reduction 

Chemical oxidation and reduction makes use of highly reactive agents such as 

hydrogen peroxide, permanganate, persulfate, or ozone to chemically transform 

pollutants into benign species via oxidation and reduction 23. This process is typically 

conducted in situ and is commonly referred to as in situ chemical oxidation however ex 

situ chemical oxidation can also be conducted to treat aqueous phase contaminants. 

From 2009 to 2011, 82% of chemical treatments reported to the USEPA in decision 

documents were ISCOs 21. Although effective, in situ chemical oxidation is not without 

risk; the highly reactive species used to remediate groundwater contamination are non-

selective, which can result in much of the reactant being consumed by scavenger 

reactions 23, 24 or with the reactant interacting negatively with local geochemistry or 

subsurface utilities 23, 25, 26. Additionally, the transformation of contaminants can also 

result in the generation of high temperatures and pressures which can result in surface 

eruptions 27. Because these reagents are aqueous phase reagents, it has also been shown 

that treatment efficiency using in situ chemical oxidation is greatly diminished with 

increasing contaminant hydrophobicity, sorption 28, 29, and age 30. Since both adsorption 

and diffusion are relatively slow processes when compared to oxidation/reduction and 

since both are concentration driven, the low levels of contaminants in the aqueous phase 

post-treatment will equilibrate with contaminated media and disconnected pore spaces. 

This equilibration results in the desorption of contaminants from the media and diffusion 
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of contaminants from dead volumes or non-aqueous phase liquids (NAPL) back into the 

primary flow channels, often causing contaminant levels in groundwater to “rebound” 

post treatment 23. Because of this rebound effect, multiple applications may be necessary 

to achieve a stable concentration below the desired endpoint. To combat these problems, 

in situ chemical oxidation is often conducted in the presence of a surfactant or co-solvent 

which increases the solubility of hydrophobic species, thus increasing the efficiency of 

aqueous phase oxidants 29, 31.  

2.2.2. Biological Degradation 

Biological degradation is relatively inexpensive, self-regulating, and capable of 

treating contaminants in both the aqueous and sorbed phases. This has led to the 

increased popularity of biological degradation as a groundwater remediation technology; 

from 2009 to 2011, biological degradation was used in 62% of all USEPA records of 

decision 21. Most bioremediation projects are conducted in anaerobic conditions (83%); 

however, aerobic bioremediations are not uncommon. Bioremediation has successfully 

been used to remediate a number of common environmental contaminants including 

petroleum hydrocarbons, methyl tert-butyl ether (MTBE), and halogenated compounds. 

Although often deployed with great success, biological degradation may be limited by 

the toxicity of the contaminant and the desired level of cleanup 32-34. Biological systems 

are also sensitive to other factors such as dissolved oxygen, nutrient requirements, and 

pH, which can be problematic in some treatment scenarios. In addition to these 

limitations, biological degradation is relatively slow, when compared to chemical 

processes, and can take years to reach a stable endpoint 35. Because of the kinetic 
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limitations on both the speed and the minimum level of contaminant concentration 

attainable, biological treatment is often used as a long term management strategy rather 

than a treatment strategy, which can require cost and man hour intensive long term 

monitoring and management 26, 34. 

2.2.3. Soil Vapor Extraction 

 Soil vapor extraction (SVE) is a remediation method in which pressure and/or 

thermal gradients are established to drive the vaporization and collection of volatile and 

semi-volatile compounds 36. These systems are very effective at rapidly decreasing 

contaminant levels in highly impacted areas; however, they are only applicable to 

contaminants which have high vapor pressure and low water solubility. Similarly to 

bioremediation, these systems can also take years to achieve endpoint goals 37.  

2.2.4. Sorption Media 

Sorption media are typically employed in either a pump and treat system or in 

permeable reactive barriers (PRBs). Sorption media remove contaminant by providing 

an energetically favorable surface to bind to, usually via the hydrophobic effect or 

surface charge 38, 39. In addition to being able to physically sequester contaminants, in 

situ sorption media, such as PRBs, have been shown to promote biological degradation 

and/or catalytic reduction similar to what is observed in attached growth reactors 40, 41. In 

these situations, the sorption media has the benefit of rapid and nearly complete 

contaminant removal coupled with an ongoing contaminant destruction process. 

Unfortunately, these systems tend to be difficult and expensive to deploy. Sorption 

systems are further limited in that they are only effective at treating water which flows 
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through them. Due to the fact that these systems are stationary, they are really only 

practical in situations where contaminated water can be diverted through them, such as 

in a funnel and gate PRB 39. Although they are excellent systems for the treatment of 

ongoing groundwater contamination, such as the effluent from a landfill, sorption media 

are not appropriate for source treatment nor are they appropriate in areas where 

groundwater fluctuates or cannot be controlled, such as coastal areas or areas with large 

seasonal variations in groundwater gradient 40. 

2.3. ENPs in a Groundwater Setting 

Although aggregation and sorption act as barriers for most groundwater remediation 

applications, the injection of nZVI has been heavily investigated as means for 

remediating point source contamination and for use in PRBs 1, 42-44. This interest is 

largely due to the fact that microscale ZVI has been used in this manner for quite some 

time, and conversion to nZVI improves upon all aspects of the existing process 7, 38, 39. 

Although the mobility of nZVI remains limited to within a meter of the injection well 

head, the injection of nZVI slurries into wells can create PRBs at a fraction of the cost of 

traditional methods 7. Additional work has been done to improve the transmissibility of 

nZVI through saturated porous media by reducing sorption and aggregation via surface 

modification of nZVI particles, however the success of these experiments was limited 15, 

42, 45-48.  

While nZVI has received the most attention, other existing remediation technologies 

have benefitted from conversion to nanoscale as well, including metal oxides, bimetallic 

particles, and sorbent materials, such as activated carbon, zeolites, and fullerenes 1, 
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2.While much of the research regarding the application of ENP to environmental 

remediation has been focused on the miniaturization of existing technologies, the 

development of novel engineered nanomaterials remains limited. In the early 2000s, 

carbon based nanotubes and fullerenes were investigated as injectable sorption media 

due to their extremely high affinity for the adsorption of the organic contaminants such 

as petroleum or hydrocarbons  49. With surface modifications, these same ENPs have 

also been shown to have a high affinity for heavy metals 50, 51. Unfortunately, the cost of 

manufacturing these nanoparticles has historically prevented their industrial use for 

groundwater remediation, as have concerns about them acting as “Trojan horses”. The 

Trojan horse effect has been observed when loaded carbon nanotubes are ingested and 

changes in the ambient environment such as pH and dissolved oxygen prompt the release 

of the contaminants from the ENP into the surrounding environment 52-55. This same 

effect has also been observed with titanium dioxide 56. In this case, it is not the ENP 

itself that is hazardous, but the contaminant which is being transported by the ENP. 

Although several polymers have been investigated for the stabilization of nZVI, the 

application of novel polymeric ENPs for in situ groundwater remediation remains 

limited. A 2004 study by Tungittiplakorn et al. (2004) explored the use of amphiphilic 

polyurethane nanoparticles (APU) designed for the entrapment of polynuclear aromatic 

hydrocarbons (PAHs). Although removal of NAPL PAHs from a sand column was 

reported, particle transport was limited due to particle aggregation, and in some of the 

column studies, breakthrough was not observed. 
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2.3.1. Nanoparticles for Groundwater Remediation 

Although aggregation and sorption act as barriers for most groundwater remediation 

applications, the injection of nZVI has been heavily investigated as means for 

remediating point source contamination and for use in PRBs 1, 42-44. This interest is 

largely due to the fact that microscale ZVI has been used in this manner for quite some 

time, and conversion to nZVI improves upon all aspects of the existing process 7, 38, 39. 

Although the mobility of nZVI remains limited to within a meter of the injection well 

head, the injection of nZVI slurries into wells can create PRBs at a fraction of the cost of 

traditional methods 7. Additional work has been done to improve the transmissibility of 

nZVI through saturated porous media by reducing sorption and aggregation via surface 

modification of nZVI particles, however the success of these experiments was limited 15, 

42, 45-48.  

While nZVI has received the most attention, other existing remediation technologies 

have benefitted from conversion to nanoscale as well, including metal oxides, bimetallic 

particles, and sorbent materials, such as activated carbon, zeolites, and fullerenes 1, 2. In 

the early 2000s, carbon based nanotubes and fullerenes were investigated as injectable 

sorption media due to their extremely high affinity for the adsorption of the organic 

contaminants such as petroleum or hydrocarbons  49. With surface modifications, these 

same ENPs have also been shown to have a high affinity for heavy metals 50, 51. 

Unfortunately, the cost of manufacturing these nanoparticles has historically prevented 

their industrial use for groundwater remediation, as have concerns about them acting as 

“Trojan horses”. The Trojan horse effect has been observed when loaded carbon 
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nanotubes are ingested and changes in the ambient environment such as pH and 

dissolved oxygen prompt the release of the contaminants from the ENP into the 

surrounding environment 52-55. This same effect has also been observed with titanium 

dioxide 56. In this case, it is not the ENP itself that is hazardous, but the contaminant 

which is being transported by the ENP. 

Although several polymers have been investigated for the stabilization of nZVI, the 

application of novel polymeric ENPs for in situ groundwater remediation remains 

limited. A 2004 study by Tungittiplakorn et al. (2004) explored the use of amphiphilic 

polyurethane nanoparticles (APU) designed for the entrapment of polynuclear aromatic 

hydrocarbons (PAHs) 57. Although removal of NAPL PAHs from a sand column was 

reported, particle transport was limited due to particle aggregation, and in some of the 

column studies, breakthrough was not observed. 

2.3.2. Nanoparticles as Emerging Contaminants 

While some ENPs are completely benign, nanoparticle toxicity is not as simple as 

toxicity from soluble species. Some metal oxide and fullerene ENPs even have biphasic 

toxicological effects, with ENPs having a size threshold above which no effects are 

observed and below which LD50 concentrations of as low as 1 ppm have been reported 8. 

Although the exact mechanism for this size dependent toxicity is unknown, the 

prevailing hypothesis is that ENPs below the biphasic threshold are able to penetrate the 

cell wall and cause acute toxicity effects within the interior of the cell. In contrast, many 

ENPs do not exhibit toxicity and some are even used as drug delivery systems 8, 9, 58, 59. 
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There are currently no nanotechnology specific contaminant levels established, due 

largely to the limitations related to detection, characterization, and risk assessment 8. To 

overcome this hurdle, several federal agencies have devoted resources to researching the 

environmental and human health effects of ENPs. The National Nanotechnology 

Initiative has allocated over $575 million in environmental, health, and safety research 

related to nanotechnologies since 2008 60. In addition, the National Science Foundation , 

National Toxicology Program , National Institute for Occupational Safety and Health, 

Department of Defense, Department of Energy, and the USEPA have all created funding 

bodies for nanotechnology health and safety related research 61. In 2010, the USEPA 

began recognizing nanomaterials as emerging contaminants and began developing a 

Significant New Use Rules  which would require future manufacturers of ENMs to 

characterize these materials and declare them to the USEPA under the Toxic Substance 

Control Act 62. Although maximum contaminant levels and maximum contaminant level 

goals  have not yet been established for any ENPs, they have been established for their 

macroscale counterparts and the USEPA has jurisdiction under the Safe Drinking Water 

Act and the Clean Water Act to regulate ENP concentrations 63. The vast majority of 

ENPs in industry, however, are in the personal care product and pharmaceutical industry 

which is regulated by the Food and Drug Administration.  

2.4. MSCKs and their Potential Groundwater Remediation Applications 

Although MSCKs have been shown to have excellent loading capacity in aqueous 

phase experiments, the application of these particles to a groundwater system has yet to 

be tested. However results reported by Pavia-Sanders et al. 18 indicate that MSCKs are a 



 

16 

 

promising candidate. The amphiphilic nature of the particles along with their size and 

suspension characteristics lend to a scheme in which MSCKs could be injected into one 

well head and later extracted from either the same well head or another well head, 

similar to current in-situ chemical oxidation injection schemes. MSCKs offer advantages 

over traditional ISCO in that they are non-reactive, meaning that there are minimal 

concerns pertaining to interactions with local geochemistry, subsurface utilities, or with 

the production of toxic intermediaries. Although exact sequestration kinetics were not 

reported in Pavia-Sanders et al., the maximum loading capacity of the MSCKs was 

attained within 30 minutes, indicating that remediation using MSCKs would be much 

more rapid than bioremediation.  

Additionally, Pavia-Sanders et al demonstrated that the MSCKs are recyclable with 

no loss in loading capacity, meaning that MSCKs may be a particularly cost-effective 

technology in situations where long-term management is necessary. Since this project is 

focused on determining the viability of MSCKs as a groundwater remediation 

technology, the cost of treating hydrocarbons using MSCKs was compared to the cost of 

treating hydrocarbons using the more traiditonal chemical methods (persulfate and 

Fenton’s reagent). For the MSCKs, the maximum loading capacity reported by Pavia-

Sanders et al was assumed, rending a reagent demand of  1 gram of MSCK per 10 g of 

hydrocarbon to be treated. For traditional chemical methods, reagent demand was 

calculated by summing the half reactions for the complete transformation of ethylene to 

carbon dioxide and water under base and ferric catalysis. For both Fenton’s reagent and 

persulfate, initial pH was assumed to be natural. Reagent costs were taken from the 
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Sigma Aldritch and total treatment cost per gram of ethylene was summing the product 

of each reagents cost and stoichiometric coefficient. The resulting calculations indicate 

that MSCKs under ideal conditions have a treatment cost of 7.5¢ per gram of ethylene 

while persulfate and Fentons stoichiometrically estimated at 95¢  and $1.28 per gram of 

ethylene respectively. Although they may be cost effective, many potential barriers to 

the successful application of MSCKs for groundwater remediation are present. 

First the results reported by Pavia-Sanders et al. (2013) represent ideal conditions 

which are not attainable in situ. The sequestration of weathered crude oil was 

accomplished by adding MSCKs to vials with free phase crude oil in the form of sheen. 

These vials were mixed to optimize MSCK and NAPL contact which greatly increase 

contact between the crude oil and the MSCKs. While some mixing does occur in situ 

due to dispersion, it is not nearly to the level in of the experimental methodology 

reported by Pavia-Sanders et al (203).  

Second, particle aggregation, both with other MSCKs and with other particulates, 

was not a consideration for Pavia-Sanders et al. In groundwater systems, particle 

aggregation reduces transmission of MSCKs via pore clogging and can reduce the 

overall effectiveness of the MSCKs.  

The effects of pH and salinity on the morphology and efficiency of MSCKs is also 

unknown as are the sequestration and release kinetics of MSCKs. Although contact time 

of around 30 minutes was sufficient to yield the optimal loading capacity reported by 

Pavia-Sanders et al, it is unknown if the sequestration of aqueous phase and NAPL 

contaminants during transport will be kinetically limited. Furthermore, loaded MSCKs 



 

18 

 

have not been tested in pristine aqueous phase to determine if sequestered contaminants 

are released. This is of particular concern given the behavior of sorption based ENP such 

as fullerenes, in which the particles themselves are non-toxic, but loaded particles can 

induce acute toxicity effects when desorption occurs.  

Regarding toxicity, it should also be noted that similarly structured ENPs have been 

used for a variety of biomedical applications such as drug delivery systems and contrast 

agents for medical imaging, and are safe for injection or ingestions 64. Although MSCKs 

have not yet undergone toxicity testing, tests of MSCKs in zebra fish and/or worms are 

planned but have not yet been published  

2.5. Modeling ENP Transport 

ENP adsorption and retention in saturated porous media has been well studied for 

a variety of carbon based, metal, and metal oxide ENPSeg: 17, 65, 66-72. These studies have 

found that the sorption and retention of ENPs behave somewhere between soluble 

species and macroscale colloidal suspensions. The sorption and retention of ENPs is 

controlled by four major properties: flow velocity 73, 74, ENP surface charge (zeta 

potential) 75, ionic strength of the water 65, and the presence of organic species 76. There 

are currently numerous competing numerical models available to describe particle 

transport, most of which are adapted from bacterial and viral transport models 77-82. In 

general, these numerical models fall into one of two groups: those based on colloidal 

filtration theory and those using kinetic attachment and detachment equations (Table 2). 

In general, these models seek to predict both particle transport behavior and particle 

deposition and retention in saturated porous media. Unfortunately, existing models tend 
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to have low predictability when size effects and aggregation are present 17, 65, 66, 72. 

Classically, ENP transport is modeled colloidal filtration theory (CFT) as would be 

modeled for macro scale colloidal suspensions. Although this method can yield reliable 

results for some larger ENPs, as the size of the ENPs decreases, the significance of 

atomic effects on the sorption and retention of the ENPs increases and classical CFT 

fails to account for these interactions. To overcome this, several researchers have 

attempted to supplement CFT with the Derjaguin – Landau – Verwey − Overbeek 

(DLVO) theory with varying degrees of success 65, 83, 84. Not surprisingly, the results of 

these studies indicate that larger ENPs generally have a higher retention in saturated 

porous media, however until the effects of particle size, molar concentration, and 

aggregation on ENP retention and transport can be quantified, the development of a 

numerical model is likely to be confounded. There are even examples of DLVO 

modified CFT being applicable to 52 nm silica ENP, but not to 8 nm particles prepared 

under identical conditions 65.   

In contrast to CFT which was adapted from micro scale colloidal transport 

modeling, kinetic modeling is an adaptation of soluble species transport which is adapted 

for discrete particles. A 2014 study by Goldberg et al assessed over 100 ENP column 

studies from the last decade and found that, in general, kinetic models tend to have better 

predictive power than CFT models 85. However, they also cautioned that current 

iterations of both CFT and kinetic models currently being employed to predict ENP 

transport are unsuitable for a broad range of ENPs. They found that while current 

particle transport models could successfully duplicate measured breakthrough curves, 
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they performed poorly with regards to particle deposition. Goldberg et al. concluded that 

the mechanisms governing nanoparticle fate and transport in saturated porous media 

remain ill-defined and that the suitability of current ENP transport models is 

questionable. 
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Table 2 – Particle transport models (adapted from Goldberg et al.). 
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α: attachment efficiency[-]; αL: intrinsic dispersivity [m]; β: empirical depth dependent 

retention parameter [-]; C: suspended ENP concentration [kg m-3];  D: molecular diffusion 

coefficient [m s-1]; Dp: hydrodynamic dispersion coefficient [m s-1]; f: particle population 

fraction associated with α [-]; kd: deposition rate constant [s-1];  kr: remobilization rate 

constant [s-1]; ηeff : effective porosity [-]; ψb: langmuirian blocking coefficient [-]; ψs: depth 

dependent retention function [-]; S : solid phase concentration [kgENP kgSoil
-1]; Sm : maximum 

solid phase concentration [kgENP kgSoil
-1]; τ : tortuosity [-]; t: time [s]; vp: pore water velocity 

[m s-1];  vNP: mean particle  velocity [m s-1]; x: distance from column inlet [m];  
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3. EXPERIMENTAL METHODS AND MATERIALS 

Because the goal of this project is to assess the viability of MSCKs as a 

groundwater remediation technology, methods and materials are reflective of conditions 

which would be encountered during a groundwater remediation. As such, column 

characteristics are reflective of aquifers in which induced flow is possible and therefore 

injection is viable. 

3.1. Selection of Porous Media 

When conducting ENP transport studies, glass beads and quartz sands are 

commonly used as saturated porous media 86. Although this is common practice, sand 

and glass beads have much less potential to interact with ENP or soluble species than 

clays 87. In order to allow for a full range of interactions, two types of porous media were 

used in this study: Texas Gold 40/70 sand (FTS International, Houston, Tex.) and kaolin 

clay (Sigma Aldrich, St. Louis, Mo.).  

Sand used in this project was mined in Voca, Texas from the Hickory formation, 

a minor aquifer in central Texas, and is representative of sand present in an aquifer. 

Sphericity, roundness, acid solubility, bulk density, and specific gravity are all reported 

 

 

Table 3 - Properties of Texas Gold sand 

Sphericity 

[-] 

Roundness 

[-] 

Acid Solubility 

[%] 

Bulk Density 

[g cm-3] 

Specific 

Gravity 

[g cm-3] 

>= 0.6 0.8 1.1 1.46 2.63 
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by the manufacturers and are summarized in Table 3 88. Particle size distribution was 

determined by sieve analysis and was conducted by the manufacture (Figure 3a). 

 Kaolin clay was selected because it is a readily available, non-expansive earth 

clay 89. These clays are derived from weathered granites, gneisses, and phylites and were 

commonly deposited in still water areas such as lagoons, estuaries, oxbows, lakes, and 

ponds during and are prevalent in Georgia and South Carolina. They have a dual layer 

crystalline structure comprised of silica oxide and aluminum oxide. Although the grain 

size distribution was  

not reported by the manufacturer, their particle size distribution is fairly well known 

(Figure 3b) 89, 90.  

In each treatment one of two porous media mixtures was selected: 100% sand or 

90.5% sand and 9.5% clay. The 100% sand columns were used in experiments to 
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Figure 3 - Grain Size distribution for (a) Texas Gold sand (adapted from FTSI 

International) and (b) kaolin clay (adapted from Murray 2008 and Conley 1966). 
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represent ideal conditions, whereas the sand/clay columns provide additional surfaces for 

MSCKs to interact with during transport and are meant to represent a simulated aquifer 

soil. Sand/clay mixtures were homogenized via vigorous mixing prior to use in any 

column experiments.  

3.2. Simulated Contaminant Selection 

Pavia-Sanders et al. reported sequestration of weathered crude oil with no 

preferential sequestration for specific hydrocarbons 18. In order to adequately 

differentiate between sequestration of aqueous phase contaminants and non-aqueous 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Column injection manifold. (a) 

Constant head permeameter feed valve . 

(b) Injection check valve. 
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phase contaminants, two simulated contaminants were selected for this study: m-xylene 

for aqueous phase contamination and mineral oil for non-aqueous phase contamination. 

Although hydrocarbons tend to have low solubility in water, m-xylene was selected due 

to its prevalence as an environmental contaminant, its relatively high solubility (161 

mg/L), and its relatively high Tier 1 protective concentration level (10 mg/L) 91, 92. 

Mineral oil was selected due because of its availability, low solubility, and non-volatile 

nature.  

The contaminated aqueous phase consisted of an 8.66 mg/L m-xylene solution 

which was prepared in 20 L batches. This m-xylene solution was used as the influent 

aqueous phase for columns in which aqueous phase contamination was necessary. The 

introduction of free phase contamination was accomplished by the addition of mineral 

oil during the packing of the columns. This was done by the addition of 200 ml of 

mineral oil on top of the standing water during the wet packing of the columns (see 

Section 3.4 for details pertaining to the wet packing procedure). This addition of mineral 

oil to the wet packing process allowed for the formation of free phase pockets within 

pore spaces of the porous media during the loading process   

3.3. Non-reactive Tracer Selection 

Bromide (Br-) was selected as a non-reactive tracer and was used to characterize 

each of the columns prior to the addition of MSCKs. Tracer test were conducted a 

minimum of five times for each column and were conducted via the injection of 10 ml of 

Br- solution into the injection check valve (Figure 4b). Effluent concentration was then 
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monitored The Br–
 tracer was prepared via the addition of potassium bromide to 

nanopure water.  

3.4. Column Parameters and Loading 

Columns used in this study were 5 inches in diameter and 24 inches in length and 

were made of aluminum (Soil Moisture Equipment Corp Y1250L24-B0.5M2) (Figure 

5). Endplates were attached to either end of the column screened using 325 mesh screen.  

Porous media was loaded into the columns using standard wet packing methods, wherein 

the porous media was added into 1-2 inches of standing water, with additional water 

being added to maintain a constant standing water level 93. During the loading of 

columns, the sides of the column were tapped using a hammer to ensure uniform and 

consistent settling of the media. During the loading of sand/clay columns, the porous 

media was stirred every 6 inches to minimize the formation of air bubbles. For each 

column, the dry mass of porous media added was measured and recorded. 

3.5. Injection Schemes 

The introduction of Br– and MSCKs into the columns was accomplished via the 

injection manifold located between the column influent and the permeameter. To 

approximate an instantaneous pulse, each injection was preceded by the closing of the 

permeameter feed valve (Figure 4a), followed by 10 ml of the MSCKs or Br – solution 

into the injection check valve via syringe (Figure 4b). Next, the injection check valve 

was purged and the MSCK or Br – solution was transported past the injection manifold 

t-joint by a 10 ml injection of feed solution from the reservoir via syringe. Once the 

injection check valve was purged, the feed valve was re-opened and the run was started.  



 

27 

 

The goal of this injection scheme is to approximate an instantaneous pulse of 

injected material while minimizing mixing due to introduction into the flow stream prior 

to the column influent. Additionally, this injection scheme minimizes injection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Column Setup. (a) Feed reservoir (b) constant head permeameter (c) injection port 

(d) detector (e) waste line. 
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inefficiencies and losses due to residual injection solution within the check valve or 

before the t-intersection, and front mixing caused by the proximity of the CHP feed 

valve to the injection point.  

3.6. Column Influent and Effluent Control 

Water flow was controlled via the use of a constant head permeameter (CHP) 

(Figure 5b). Flow into the CHP was controlled via a peristaltic pump (Geotech Geopump 

) which was fed from a water reservoir consisting of micropure water or an 8.66 mg/L 

m-xylene solution. Overflow from the CHP was re-routed back into the reservoir. The 

influent column flow rate was controlled by controlling the elevation head between the 

CHP and column effluent via the raising or lowering the CHP, with volumetric flow 

rates ranging from 2.5 mL/s to 5.3 mL/s and the head difference ranging from 59 cm to 

160 cm. 

Column effluent was routed through a t-intersection with an open vertical shaft 

(Figure 5f) and a waste feed line (Figure 5e). Effluent flow rate was calculated by 

routing the column effluent to a graduated cylinder and measuring the amount of time 

required to reach the 500 ml mark. Flow rate was measured in this manner at the start, 

mean residence time (MRT), and end of each run (Figure 6). Effluent sampling was 

conducted in two ways: manually and automatically. Manual sample collections were 

completed by routing the effluent into sample containers. Automatic effluent sampling 

was accomplished via the withdrawal of a portion of the effluent from the open top 

segment of the effluent t-intersection using a “super sipper” peristaltic pump (Figure 5).  
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3.7. Media Characterization 

The characteristics of the saturated porous media were determined for each 

column. Hydraulic conductivity was determined via CHP test by measuring the amount 

of time (t) required for the effluent to fill a 500 ml volume (V=500 ml), given the length 

of the column (L = 60.96 cm) and the cross sectional surface area of the column 

(A=506.7 cm2) 93. 

𝐾𝑡 =
 𝑉 ∗ 𝐿 

𝐴 ∗ 𝑡 ∗ 𝐻
 

Effective porosity was calculated by taking the MRT of Br- in the conservative 

tracer tests and multiplying by the volumetric flow rate (Q) to yield the pore water 

volume of the columns (Vw). This volume was then divided by the total volume of the 

column (VT) to yield the effective porosity 

 

 

 

 

 

 

 

 

 

 

Figure 6 - Volumetric flow rates for each column 
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𝜂𝑒𝑓𝑓 =
𝑉𝑤

𝑉𝑇
 

𝑉𝑤 = 𝑄 ∗  𝑀𝑅𝑇𝐵𝑟 

𝑉𝑇 = 𝐴 ∗ 𝐿 

Intrinsic dispersivity (𝛼𝐿) was calculated via the fitting of transport parameter 

values to measured Br – breakthrough curves through least square regression using the 

one-dimensional advection dispersion equation under the assumptions that dispersion is 

much greater than molecular diffusion and that Br – is conservative: 

𝜕𝐶

𝜕𝑡
=  𝐷𝑝

𝜕2𝐶

𝜕𝑥2
 − 𝑣𝑝

𝜕𝐶

𝜕𝑥
 

 

𝐷𝑝 = 𝛼𝐿 𝑣𝑝 ∗
(𝜕2𝐶)

𝜕𝑥2
 

3.8. Detection and Quantification of Effluent Concentrations 

Effluent Br-, MSCK, m-xylene, and mineral oil concentrations were monitored 

using UV-visible spectroscopy. Initial experiments were conducted using a single beam 

deuterium/tungsten lamp Helios Gamma UV-Vis Spectrophotometer; however, 

contaminant sequestration experiments were later duplicated using a dual beam 

Shimadzu UV-2550 due to the need to measure absorbance at multiple wavelengths 

during a single run. The capabilities of both spectrophotometers are summarized in 

Table 4.  
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Table 4 – Spectrophotometric capabilities of the Helios Gama and the Shimadzu UV-2250 

 Helios Gama 

Shimadzu UV-

2250 

Wavelength range [nm] 190 — 1100 190 — 1100 

Wavelength accuracy [nm] ±1 ±0.3 

Wavelength repeatability [nm] ±0.2 ±0.1 

Resolution [nm] 0.5 0.1 

Photometric accuracy @ 1 Abs [Abs] ±0.005 ±0.004 

Photometric repeatability @ 1 Abs 

[Abs] 

±0.002 ±0.002 
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4. TRANSPORT, CHARACTERIZATION, AND MODELING OF POLYMERIC 

NANOPARTICLES ENGINEERED FOR THE SELECTIVE ENTRAPMENT AND 

RECOVERY OF CONTAMINANTS IN SATURATED POROUS MEDIA 

4.1. Synopsis 

One-dimensional impulse column experiments of monodisperse magnetic shell 

crosslinked knedel-like nanoparticles (MSCKs) were conducted to investigate the 

transport, retention, and sequestration of hydrophobic pollutants in saturated porous 

media. Solutions of well-suspended monodisperse MSCKs were injected into water 

saturated columns packed with either sand or a sand/clay mixture and operated under 

steady flow conditions. The effluent of these columns was monitored using UV-visible 

spectroscopy to produce breakthrough curves of the MSCKs, aqueous phase 

contaminants, and a non-reactive bromide tracer. MSCKs were found to readily transport 

through sand with a 99% recovery. In the presence of clays, recovery was reduced to 

63%. The presence of both aqueous phase contaminants further reduced the recovery of 

MSCKs to 61% in sand and 53% in clay; however, the MSCKs which were eluted had 

sequestered aqueous phase m-xylene to below the detection limit. Trials with the 

sequestration of non-aqueous phase contaminants were less successful, with only 52.5% 

recovery of the MSCKs and no detectible sequestration of mineral oil by the MSCKs. 

These initial results indicate that MSCKs may be an appropriate remediation technology 

for groundwater contamination; however, free phase contaminants currently pose a 

limitation.  More work may be warranted to improve the transmission and interaction of 
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MSCKs with free phase contaminants by manipulating their chemical and morphological 

properties. 

4.2. Introduction  

Recently, engineered nanoparticles (ENPs) have been of particular interest to the 

environmental industry, both as a means of improving existing remediation technologies 

and as a potential emerging contaminant 94, 95. The distribution and stabilization of 

nanoscale zero valent iron (nZVI) has been of particular interest 1, 42-44. However, other 

studies have examined nanoscale versions of existing remediation technologies such as 

metal oxides, bimetallic particles, and sorbent materials, such as activated carbon, 

zeolites, and fullerenes, which have been investigated for their enhanced chemical and/or 

biological remediation effectiveness relative to their microscale counterparts 1, 2. While 

the effectiveness of these technologies has been improved by conversion from the 

microscale to the nanoscale, field studies showed that the delivery of these nanoscale 

versions of traditional materials, such as nZVI, in the subsurface via injection is limited 

to within a few meters from the point of injection 7. Thus, distribution of ENPs in the 

subsurface represents a major challenge in the commercial application of ENP for in situ 

groundwater remediation.   

To improve the transport of nZVI, several surface modifications and coatings 

have been proposed and studied, predominantly hydrophilic polymers, however the 

transport of these surface modified ENPs remains limited 15, 46-48. Although several 

polymers have been investigated for the stabilization of nZVI, the application of novel 

polymeric ENPs for in situ groundwater remediation remains limited. Tungittiplakorn et 
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al. (2004) explored the use of amphiphilic polyurethane nanoparticles (APU) designed 

for the entrapment of polynuclear aromatic hydrocarbons (PAHs). Although removal of 

non-aqueous PAHs from a sand column was reported, particle transport was limited due 

to particle aggregation, and in some of the column studies, no particle elution was 

detected.  

The Deep Water Horizon oil spill in 2010 renewed interest in the development of 

novel surface water recovery technologies, particularly in the nanotechnology field. 

While much of this research has focused on the use of macroscale products comprised of 

nanoparticles (e.g., foams 96 , hydrogels 97-99, sponges 100, 101) several standalone ENPs 

have been identified as potential candidates for adaptation to in-situ groundwater 

remediation 18, 102, 103.  

The most promising of these candidates are magnetic shell crosslinked knedel-

like nanoparticles (MSCKs) produced by Pavia-Sanders et al. 18 18. These ENPs are 

comprised of micellized amphiphilic diblock copolymers of poly acrylic acid (PAA) and 

poly styrene (PS) with entrapped oleic acid-stabilized iron oxide nanoparticles in the 

core. These micelles were then crosslinked to stabilize the particles in aqueous 

environments. The MSCKs were tested using a highly complex contaminant, weathered 

crude oil, and were shown to have a maximum loading capacity of 10 grams of oil per 

gram of MSCKs, with no detectible preferential sequestration of specific components. 

Although initially designed for the recovery of hydrocarbon sheens, MSCKs have a 

number of attributes which make them attractive candidates for in situ groundwater 



 

35 

 

remediation and which set them apart from traditional in situ chemical remediation 

technologies:   

1) MSCKs are non-reactive, meaning byproducts of chemical processes such as 

heat, pressure, and the generation of chemical species from scavenger or 

incomplete reactions are not a concern as they can be with chemical oxidation 

techniques such as Fenton’s, persulfate, or iron oxide;   

2) MSCKs are magnetically separable from the aqueous phase and recyclable, 

thus minimizing wasted MSCKs and waste generation; and  

3)  The crosslinked, amphiphilic morphology of the MSCKs function in much the 

same way that surfactants do, but exist as discrete particles rather than as a 

solution, thus allowing access to the enhanced transport and desorption properties 

of a surfactants within a controlled and discrete environment.  

While MSCKs are an attractive candidate, the behavior of these ENPs in 

saturated porous media is unknown. Based on the morphology and surface 

characteristics of MSCKs, minimal interaction is anticipated between MSCKs and 

saturated porous media. However, mass loss and retention are a possibility, particularly 

when considering that particle aggregations was observed in benchtop experiments by 

Pavia-Sanders et al 18.  The purpose of this study is to explore the transport and 

contaminant sequestration behavior of MSCKs in saturated porous media to determine if 

these ENPs are a viable groundwater remediation technology candidate.  

When discussing the transport of ENP in saturated porous media, it is important 

to note that there are currently multiple competing theories attempting to predict ENP 
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transport and retention in saturated porous media (e.g. colloidal filtration theory (CFT) 

104, two site kinetic models 79, single site kinetic models with or without Langmuirian 

blocking and/or depth dependent retention 105, 106). Although hundreds of column studies 

have been conducted over the last decade, the mechanisms governing nanoparticle fate 

and transport in saturated porous media remain ill-defined 85. Unfortunately, the 

predictability and suitability of the models currently being employed varies drastically 

depending on the size and type of particles being studied and in some cases, none of the 

models are appropriate 85.    

4.3. Materials and Methods  

4.3.1. Preparation of MSCK Solution 

MSCK solutions were produced stepwise using the methods previously outlined 

by Pavia-Sanders et al. Briefly, the methods are as follows: 

4.3.1.1. Synthesis of diblock copolymer  

PAA20-b-PS200 was synthesized using the methods described in Davis et al.107. A 

diblock copolymer precursor was synthesized via sequential atom transfer radical 

polymerization (ATRP), first of tert-butyl acrylate followed by the subsequent 

polymerization of styrene in the presence of CuBr and N,N,N’,N’’,N’’-

pentamethyldiethylenetriamine at 55oC and 95oC, respectively. The final amphiphilic 

diblock copolymer, PAA20-b-PS200, was achieved by the removal of the tert-butly groups 

from the precursor via acidolysis in the presence of trifluoroacetic acid in 

dichloromethane. 
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4.3.1.2. Synthesis of iron oxide nanoparticles  

Iron oxide nanoparticles were produced via the thermolysis of iron (III) 

acerylacetonate in the presence of 1,2-hexadecanediol in benzyl ether 108, 109. Oleic acid 

and oleylamine were selected as the surfactant and co-surfactant respectively. The 

thermolysis was conducted over three consecutive 1-hr periods at 140, 200, and 250 oC. 

After cooling, the iron oxide nanoparticles were then precipitated in ethanol.  

4.3.1.3. Micelle assembly and crosslinking 

The magneto-micelles were formed using the methods outlined in Pavia-Sanders 

et al.18 PAA20-b-PS200 and iron oxide ENPs were suspended in a 1:1 by volume dual 

solvent mixture of N,N-dimethylformamide and tetrahydrofuran at a concentration of 

0.33mg/mL for both inorganic and organic components. This mixture was then added 

drop wise to 0.15 eq. of nanopure water at a rate of 20 ml/h during simultaneous drop 

wise addition of nanopure water at the same rate. The resulting solution was then filtered 

through a 5 µm filter and dialyzed over 24 hours in nanopure water to remove excess 

 

 

 

Table 5- Column loading and flow conditions for MSCK transport experiments 

Column Treatment 

Sand 

Content 

[%] 

Clay 

Content 

[%] 

Cm-

xylene(aq) 

[mg/L] 

Swater
 

[-] 
SNAPL 

[-] 

q a 

[m/day] 

vp
 b

 

[m/day] 

S-1 Trans-1 100 - - 1 - 19.6±0.9 39.0±1.7 

S-1 APS-1 100 - 8.66 1 - 17.4±0.6 34.7±1.3 

S-2 FPS-1 100 - - 0.979 0.031 36.3±0.3 76.2±0.6 

SC-1 Trans-2 90.5 9.5 - 1 - 34.9±0.4 81.9±0.9 

SC-1 APS-2 90.5 9.5 8.66 1 - 34.4±1.0 80.7+2.3 
a
 Darcy Velocity. b Average Linear (or Pore Water) Velocity. 
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organic solvent. The micelle solutions were created in five batches and then combined 

prior to crosslinking to ensure homogeneity. Crosslinking was achieved via amidation by 

(2,2’-ethylenedioxy)bis(ethylamine) in the presence of 1-(3-(dimethylamino)propyl)-3-

ethyl-carbodiimide methiodide. Dialysis in nanopure water was repeated after 

crosslinking to remove unreacted molecules and byproducts from the MSCK solution. 

The structure and size of the MSCKs was confirmed using transmission electron 

microscopy (TEM) (Figure 7a) and dynamic light scattering (DLS) (Figure 7b) with 

DLS reporting a mean particle diameter of 70± 12 nm. TEM analysis of over 80 particles 

yielded a mean particle diameter of 75± 30 nm. The concentration of the stock solution 

of MSCKs was determined in quintuplicate via the lyophilization of 5 ml solutions of 

MSCK and subsequent mass measurements using a microbalance, yielding a stock 

MSCK concentration of 216 mg/L. 

4.3.2. Porous Media  

Texas Gold 40/70 sand (FTS International, Houston, Tex.) and kaolin clay 

(Sigma Aldrich, St. Louis, Mo.) were selected as the porous media for this study. Grain 

size distribution, sphericity, roundness, acid solubility, bulk density, and specific gravity 

were all reported by the manufacturers and are available in the supplemental information 

(SI). Sand grain diameter averaged 207 microns, with an inner quartile range of 210 to 

420 microns (see Figure 3).  

4.3.3. Column Apparatus 

The column was comprised of a 12.7 cm diameter and 61 cm long aluminum 

cylinder, and column end-plates were fitted with 325-mesh steel screens. For each 
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treatment, porous media was wet-packed in 2 inch increments. Upward flow was 

induced using a constant head permeameter. 

4.3.4. Column Experiments  

Five column treatments were used to characterize the transport and retention of 

MSCKs and the sequestration of hydrocarbons during transport (Table 5). Treatments 

Trans-1 and Trans-2 were used to determine baseline transport properties of MSCKs in 

sand (C1) and in a sand/clay mixture (C3) with pristine aqueous and solid phases. 

Aqueous phase sequestration (APS) Treatments APS-1 and APS-2 repeated treatments 

Trans-1 and Trans-2 with the introduction of m-xylene as an aqueous phase contaminant 

(8.66 mg/L m-xylene) by replacing the feed reservoir with an m-xylene. APS-1 and 

APS-2 were used to determine the effects of aqueous phase sequestration of 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7- Characterization of MSCKs. (a) TEM of 

MSCKs drop deposited from water onto a Formvar 

grid (not stained); (b) number-, volume-, and 

intensity-averaged DLS histograms of MSCKs in 

water. 

 

 

 

(a) (b) 
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hydrocarbons on the transport properties of MSCKs. Free phase sequestration (FPS) 

Treatment FPS-1 was conducted in C3 and duplicated the conditions of Trans-1 with the 

introduction of a free phase liquid in the form of mineral oil. FPS-1 was used to 

determine the effects of MSCK/NAPL interactions on particle transport and to determine 

the MSCKs efficacy of NAPL sequestration during particle transport. Each treatment 

was repeated 5 times in order to determine the variability of the results, for a total of 25 

column runs. 

4.3.5. Detection and Quantification  

A fraction of the column effluent was routed through a flow-through cell and 

monitored using UV-vis spectroscopy to produce absorbance breakthrough curves 

(BTC). Measured absorbance was converted to concentration using the Beer-Lambert 

law which states that absorbance (A) of a given species is a function of the path length 

traveled by the radiation (b), and the concentration (C) and molar absorptivity coefficient 

(ε) for the given species. Since ε is also a function of λ, the total absorbance of m species 

can be described by the summation:  

𝐴(𝜆)𝑜𝑏𝑠 = ∑ 𝐶𝑛 ∗ 𝑏 ∗ 𝜖(𝜆)𝑛

𝑚

𝑛=1

 

When m=1, such as when the only absorbing species present is MSCKs, 

absorbance can be directly converted to concentration. When multiple absorbing species 

such as both MSCKs and m-xylene (aq) are present, absorbance is measured at an m 

different wavelengths, resulting in a system of linear equations which can be solved for 

the concentration of each species. Target wavelengths were selected based on the 

number of absorbing species present (one or two) and initial testing. Wavelengths used 
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as part of this study were 191.5 nm (for the Br- tracer), 244 nm (local maximum for the 

styrene peak of the MSCKs), 212 nm (local maximum for acrylic acid peak), 273 nm 

(local maximum for m-xylene), and 206 nm (local maximum for mineral oil). 

Prior to each experiment, the column was thoroughly flushed with micro pure deionized 

water (μDIW) until the effluent UV-vis readings stabilized.   

4.3.6. Conservative Tracer Test  

Prior to injection of MSCKs, each column was characterized via the injection of 

a non-reactive tracer. A treatment consisting of a 10 ml pulse of 207 mg/L KBr (Sigma 

Aldrich) was injected and column effluent was monitored using UV-vis. The resulting 

non-reactive tracer BTCs for bromide were fit to a 1-dimensional advection-dispersion 

model to determine the media characteristics of each column. Pore water velocity and 

Darcy velocity did not exceed 82.95 m/day and 35.34 m/day respectively (Table 5), 

yielding a maximum Reynolds number of 1.2 x 10-4.  Porosity (η) was calculated from 

the Br— BTC using the average volumetric flow rate (Q) along with the average mean 

residence (MRT) and total volume of the column (Vt): 

𝜂 =
𝑀𝑅𝑇 ∗ 𝑄

𝑉𝑡
 

4.3.7. MSCK Transport and Retention Characterization  

MSCKs were introduced to the column via a 10 ml pulse injection at the base of 

the column. In order to approximate instantaneous injection, flow to the columns was 

halted via the closing of the permeameter feed valve prior to the injection point. MSCKs 

were then injected followed by a 10 ml purge injection of background aqueous phase. 
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After both the injection and the purge were completed, the CHP valve was re-opened 

and monitoring of the effluent commenced. Effluent concentrations were recorded at 

intervals ranging from 4 to 6 seconds, depending on the number of wavelengths being 

monitored. Effluent absorbances were converted to concentration and then both 

concentration and time were converted to normalized unitless parameters (C/C0 and pore 

volumes respectively) to allow for comparison between different runs.  

 Retention characteristics of MSCKs were evaluated by extraction of MSCKs 

from the saturated porous media. This was accomplished by collected the saturated 

porous media from the column in 5 cm increments and washing each segment in an HCl 

solution (pH 3). The resulting supernatant was collected from each segment, neutralized 

using NaOH, and analyzed via UV-visible spectroscopy to determine the concentration 

of MSCK in each supernatant. The total volume of supernatant was then multiplied by 

the concentration to yield a total mass of MSCK retained in each 5-cm segment. 

4.3.8. MSCK Sequestration Quantification  

To determine the mass of mineral oil sequestered during FPS-1, the column 

effluent was monitored at 206 nm and at 212 nm. The resulting absorbance time series 

were then baseline corrected and resolved to solve the inequality: 

𝐴(206 𝑛𝑚)𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝐴(206 𝑛𝑚)𝑀𝑆𝐶𝐾 + 𝐴(206 𝑛𝑚)𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙 

𝐴(212 𝑛𝑚)𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝐴(212 𝑛𝑚)𝑀𝑆𝐶𝐾 + 𝐴(212 𝑛𝑚)𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙 

𝐴(206 𝑛𝑚)𝑀𝑆𝐶𝐾 = 𝜖(206 𝑛𝑚)𝑀𝑆𝐶𝐾 ∗ 𝑏 ∗ 𝐶𝑀𝑆𝐶𝐾 

𝐴(212 𝑛𝑚)𝑀𝑆𝐶𝐾 = 𝜖(212 𝑛𝑚)𝑀𝑆𝐶𝐾 ∗ 𝑏 ∗ 𝐶𝑀𝑆𝐶𝐾 

𝐴(206 𝑛𝑚)𝑀𝑂 = 𝜖(206 𝑛𝑚)𝑀𝑂 ∗ 𝑏 ∗ 𝐶𝑀𝑂 
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𝐴(212 𝑛𝑚)𝑀𝑂 = 𝜖(212 𝑛𝑚)𝑀𝑂 ∗ 𝑏 ∗ 𝐶𝑀𝑂 

in which the path length (b) is known (1 cm), each of the four molar absorptivity 

coefficients (𝜖) is known from the beer-lambert calibration curves, and A(212 nm)Observed 

and A(206 nm)Observed are measured absorbances at 212 nm and 206 nm respectively. This 

results in a system of 6 equations with 6 unknowns: A(206 nm)MSCK, A(206 nm)MO, A(212 

nm)MSCK), A(212 nm)MO, CMSCK and CMO which can then be solved to determine both C-

MSCK and CMO. With CMO known, the total loading capacity of mineral oil in eluted 

MSCKs can be calculated using the following equation: 

𝐿 =  
 ∫ 𝐶𝑀𝑂 ∗ Δ𝑡 ∗ 𝑄 

𝑡90

𝑡10

0.8 ∗ 𝑅𝑀𝑆𝐶𝐾 ∗ 𝑉𝑖𝑛𝑗 ∗ 𝐶𝑖𝑛𝑗
 

Where t90 and t10 are the 90% and 10% elution times for the MSCKs respectively, RMSCK 

is the MSCK recovery, Δ𝑡 is the time step between measurements (6 seconds), and Vinj 

and Cinj are the MSCK injection volume and concentration respectively. 

 This same process can be applied to the APS-1 and APS-2 to determine the 

concentration of MSCK in the effluent, however spectrophotometric methods are 

incapable of distinguishing between aqueous phase m-xylene and sequestered m-xylene.  

For the quantification of m-xylene sequestration, aliquots were collected from the 

column effluent during the peak MSCK elution time of SC1 runs 2, 3, and 5. These 

aliquots were then centrifuged at 2500 rpm for 10 minutes using the Centricon 

Millipore’s Ultracel-50. Ultracel centrifuge tubes consist of a retenate vial suspended 

over a sample reservoir. The retenate vial and sample reservoir are separated by a 100k 

molecular weight cut-off membrane, allowing m-xylene (aq) to pass to the sample 
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reservoir while retaining the MSCKs. In addition to the effluent samples, an aliquots of 

m-xylene contaminated water was collected from the feed reservoir and processed as the 

method baseline while an aliquot of μDIW was processed as the method blank. The 

samples were then analyzed via UV-vis to determine the concentration of m-xylene (aq) 

present in the column effluent 

4.3.9. Mathematical Modeling  

MSCK transport and retention was modeled using the advection dispersion 

equation modified with the addition of reversible and irreversible kinetic attachment 

terms:  

𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝜃𝑤
(

𝜕𝑆1

𝜕𝑡
+

𝜕𝑆2

𝜕𝑡
) = 𝐷𝐻

𝜕2𝐶

𝜕𝑥2
+

𝑣𝑝𝜕𝐶

𝜕𝑥
 

where C is the concentration of MSCKs in solution, t is time, ρb is the bulk density of the 

solid phase, θw is the volumetric water content, S1 is the concentration of MSCKs 

reversibly attached to the solid phase, S2 is the concentration of the MSCKs irreversibly 

attached to the solid phase, DH is the hydrodynamic dispersion coefficient, vp is the pore 

water velocity, and x is the distance parallel to flow. The reversible and irreversible 

kinetic attachment processes can be expressed with the mass balance equations: 

𝜌𝑏

𝜃𝑤
(

𝜕𝑆1

𝜕𝑡
) = 𝐶 ψ1 𝑘𝑎1 −

𝜌𝑏

𝜃𝑤
 𝑘𝑑𝑒𝑡 𝑆 

𝜌𝑏

𝜃𝑤
(

𝜕𝑆2

𝜕𝑡
) = 𝐶 𝜓2 𝑘𝑎2 

where kdet is the kinetic detachment rate for the reversible process while ka1 and ka2 are 

the kinetic attachment rates and ψ1 and ψ2 are the percent of  the maximum MSCK 
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retention capacity (Smax1 and Smax2) for the reversible and irreversible processes, 

respectively. Smax1 and Smax2 are related to the solid phase concentration as follows: 

ψ1 =
𝑆𝑚𝑎𝑥1 − 𝑆1

𝑆𝑚𝑎𝑥1
 

ψ2 =
𝑆𝑚𝑎𝑥2 − 𝑆2

𝑆𝑚𝑎𝑥2
 

Note that for where Smax1 and Smax2 are much larger than S1 and S2, ψ1 and ψ2 

approach unity.  

Flow and transport of tracers and MSCKs were modeled using pdpe, a 1-D 

partial differential equation solver built into Matlab (see SI for example script). 

Parameter values were determined via inverse modeling using the lsqnonlin function, 

which implements the Levenberg-Marquardt Algorithm for nonlinear least-squares 

problems. This method is based on those described by Goldberg et al. in their 

comparison of ENP transport models 85. 

4.4. Results 

4.4.1. Conservative Tracer Test  

For the sand only column (C1), the mean volumetric flow rate was 2.87 mL/s 

with a standard deviation (SD) of 0.07 mL/s and a standard error (SE) of 1.16% while 

the MRT for the conservative tracer was 22.58 min (0.14 SD, 2.80% SE) resulting in a 

calculated porosity of 0.503 (Table 6). The mean recovery of the Br – tracer was 96% 

(0.051 SD, 0.023 SE).  

For the sand column with free phase mineral oil (C2), the Br – tracer tests yielded 

a residence time of 12.87 min with a standard deviation of 0.65 min and a standard error  
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of 2.5% (Table 6). These values yielded a calculated porosity of 0.532. Accounting for 

the 200 ml of NAPL, this brings the total porosity to 0.5576, which is much higher than 

the porosity for column C1. This increase in porosity is likely due to difficulties inherent 

in the packing process caused by the presence of mineral oil. The inclusion of air 

bubbles within the mineral oil was also problematic and the buoyant force of the mineral 

oil may have contributed to the poor degree of compaction. The mean recovery of the 

Br– tracer was 92% (0.007 SD, 0.003 SE). 

For the sand/clay column (C3), a recovery of 99.86% (0.005 SD, 0.002 SE) was 

achieved with a mean residence time of 11.2 minutes (0.12 min SD, 0.40% SE) (Table 

6), yielding a calculated porosity of 0.426. 

4.4.2. MSCK Transport 

The results of Trans-1 (Figure 8b) indicate that MSCKs were able to transport 

readily through column C1, with a 99% recovery. The MRT of the MSCKs was 0.966 

pore volumes compared to the calculated 1.06 pore volume MRT of the conservative 

tracer in C1 (Figure 8a). The shift in MRT was shown to be significant in a two tail t-

test. Because the MSCK were behaving as conservative, effective porosity for the 

 

 

 

Table 6 – Br- conservative tracer test results 

Column 

Residence Time 

[min] 

Volumetric Flow Rate 

[mL/s] 

Mean 
Standard 

Deviation 

Standard 

Error 
Mean 

Standard 

Deviation 

Standard 

Error 

C1 22.58 0.14 2.80% 2.87 0.074 0.033 

C2 12.87 0.65 2.53% 5.31 0.029 0.014 

C3 11.20 0.12 0.40% 4.90 0.033 0.015 
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MSCKs was calculated following the same methods described for the Br– tracer test, 

yielding an effective porosity of 0.481  

Trans-2 (Figure 8e) yielded only a 63% recovery (0.009 SD, 0.004 SE), but 

reported a residence time of 0.960 pore volumes (SD 0.010, 0.005 SE) which was shown 

to be insignificant relative to Trans-1 in a two tail t-test (Table 7).  

The presence of m-xylene(aq) in APS-1 (Figure 8c) exhibited no significant 

difference in residence time relative to Trans-1, however, recovery of MSCKs was 

reduced from 99% to 61% (Table 7). In contrast, the presence of free phase mineral oil 

in FPS-1 (Figure 8h) retarded the transport of MSCKs, reducing the MRT to 1.010 pore 

volumes (Table 7). The presence of NAPL also had an interesting effect of the 

repeatability of MSCK recovery. Although error in the MRT of the MSCKs was 

negligible, recovery varied drastically, ranging from 44% to 82% with a mean of 66% 

and a SD of 17.5 pp. 

The variability of MSCK recovery was much higher in FPS-1 than in any other 

treatment,  with recovery increasing after each application and ranging from 43% to 83% 

with a mean of 65.85% and a standard deviation of 0.1751 (Table 7). The standard error 

was also the largest of any other test at 0.0875. Conversely, residence time had the 

inverse trend, decreasing after each application from 1.04 pore volumes in the first 

injection to 0.980 in the fourth. Coincidently, the fifth treatment was uncharacteristic of  

all four of the other treatments, increasing in residence time to 1.28 pore volumes, but 

also displaying the highest elution of mineral oil, as such this treatment was treated as an 

outlier. 
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The presence of clays and m-xylene (aq) in APS-2 resulted in the highest 

retardation of any experiment, with a MSCK residence time of 1.039 pore volumes 

(Table 7). 

    

Table 7 – Transport 

characteristics of MSCKs 

None m-Xylene(aq) Mineral oil 

R
es

id
en

ce
 T

im
e S
an

d
 

𝑥̅ [pore volumes] 

σ [pore volumes] 

SE [%] 

0.9660 

0.0267 

1.234 

0.9660 

0.0012 

0.050 

1.01 

0.027 

1.359 

S
an

d
/C

la
y

 

𝑥̅ [pore volumes] 

σ [pore volumes] 

SE [%] 

0.960 

0.010 

0.489 

1.039 

0.016 

0.710 

- 

- 

- 

R
ec

o
v
er

y
 

S
an

d
 

𝑥̅ [%] 

σ  [pp] 

SE [pp] 

99 

3.5 

1.2 

61 

7.4 

3.0 

67 

17.5 

8.8 

S
an

d
/C

la
y

 

𝑥̅ [%] 

σ  [pp] 

SE [pp] 

63 

0.9 

0.4 

53 

5.0 

2.3 

- 

- 

- 

Mean (𝒙̅), standard deviation (σ), and standard error (SE) for residence time and recovery in 

sand and sand/clay column experiments 
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4.4.3. Contaminant Sequestration  

The mineral oil BTCs generated by the resolution of AMO and AMSCK exhibit low 

signal to noise ratios, with peak absorbances for mineral within an order of magnitude of 

measurement noise. Because of the low signal to noise ratio, there is limited confidence 

in the reproducibility and the precision of the mineral oil sequestration calculations and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 - Representative breakthrough curves and cumulative distribution functions for each experiment. 

The range of all experimental values is depicted in the shaded grey area. (a) Br 
– tracer in sand column (b) 

MSCK in sand column (c) MSCK in sand column with m-xylene contaminated aq phase (d) Br – tracer in 

sand/clay column € MSCK in sand/clay column (f) MSCK in sand/clay column with m-xylene contaminated 

aqueous phase (g) Br – tracer in sand column with NAPL (h) MSCK in sand column with NAPL. 
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as such all values are considered approximate and are reduced to a single significant 

figure, ranging from Mineral oil sequestration was calculated to a loading capacity of 

between 0.1 and 0.03 mg of mineral oil per mg of MSCK eluted.  

Aqueous phase m-xylene in APT2 was non-detect in the column effluent during 

MSCK elution. The BTC for m-xylene (aq) in APS-1 and APS-2 exhibited low signal to 

noise ratios, but also low variability and as such, average m-xylene and MSCK BTC 

were able to be generated using the signal stacking method. The resulting average BTCs 

for MSCKs were was statistically members of the populations of the individual BTCs 

indicating that signal stacking for the generation of BTC was valid. The average m-

xylene BTC reveals a spike in m-xylene concentration in post 1.00 pore volumes with a 

trough pre 1.00 pore volumes wake of the MSCKs (Figure 9).  

4.5. Discussion  

4.5.1. Transport and Deposition 

The 99% recovery of Trans-1 indicate that MSCKs transport readily through 

saturated sand with no losses caused by irreversible attachment or pore throat clogging. 

The shift in residence time between the MSCKs in Trans-1 and the C1 Br- tracer in 

conjuncture with the lack of change in distribution suggests that some pore size 

exclusion occurs during transport. This shift also implies that MSCKs transmit through 

sand faster than soluble species, allowing for MSCKs to overtake soluble species wave 

fronts in situ. Because of the conservative behavior MSCKs, the effective porosity of 

C1was able to be calculated (0.481) and compared to the porosity calculated for C1 

using the Br- tracer (0.503). This difference is indicative that roughly 4.4% of the pore 
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spaces are inaccessible to MSCKs during Trans-1. Given the relative size of the MSCKs 

(72 nm) to the sand particles (207 μm), this size exclusion is either indicative of pore 

size exclusion which would indicate homoaggregation of MSCKs or is a function of the 

particle velocity/inertia. Further testing over a range of fluid and particle velocities is 

needed to determine the contributions of both of these two factors to the shift in 

residence time. 

The inclusion of clay particles in the saturated porous provides the MSCKs with 

sorption surfaces as well as charged surfaces in which van der Waals interactions can 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Fluctuations in concentration of m-xylene(aq) above the baseline caused by 

differences in the pore water velocity of m-xylene(aq) and MSCKs. 
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take place, potentially leading to kinetic attachment or heteroaggregation of MSCKs and 

clay particles. Additionally, the clay particles are significantly smaller than the sand and 

lead to a decrease in porosity and a decrease in pore throat sizes. The residence time of 

Trans-2 was insignificantly different that the residence time of Trans-1, indicating that 

the smaller pore sizes associated with the inclusion of clays did not affect transport of 

MSCKs. The reduction in recovery from 99% to 63%, however, is indicative of either 

irreversible attachment of MSCKs to clay particles or pore throat straining of MSCK 

aggregates.  

Adding the presence of aqueous phase contaminants to C1 did not affect the 

residence time, however, recovery was reduced from 99% in Trans-1 to 61% in APS-1. 

In contrast, the presence of m-xylene (aq) in a sand/clay environment not only reduced the 

recovery from 63% to 53%, but also increased the residence time of the MSCKs from 

0.96 pore volumes in Trans-2 to 1.04 pore volumes in APS-2. Given that the m-xylene 

(aq) has no effect on the residence time of MSCKs in sand and given that the difference in 

the MSCK residence times in sand and sand/clay columns in the absence of m-xylene (aq) 

is insignificant, the shift in residence time in APS-2 is indicative that the clay has 

additional modes of retardation in the presence of m-xylene (aq). One possibility is that 

the increase in residence time is due to reversible attachment/detachment of MSCKs 

caused by competition between sequestration of m-xylene by the MSCKs and sorption of 

m-xylene by the clay.  

The presence of free phase mineral oil in sand (FPS-1) caused great variability in 

MSCK recovery of all treatment, with an apparent time dependent increase in recovery. 
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Recovery increased after each treatment ranging from 44% in treatment 1 to 82% in 

treatment 4. Treatment 5 was uncharacteristic of all other treatments and was excluded 

as an outlier.  

4.5.2. Contaminant Sequestration  

 Variability in FPS-1 limits the confidence in the mineral oil sequestration 

calculation of the MSCKs; however, the MSCKs performed well below the maximum 

loading capacity of 10 mg mineral oil per mg of MSCK. This may be because only 

eluted MSCKs were considered and that loaded MSCKs are retained. The results of the 

transport experiment support the hypothesis that particle aggregation is more likely to 

occur in the presence of hydrophobic species. It is possible that the low observed mineral 

oil recovery is partially due to loaded MSCKs aggregating and being unable to elute 

from the column,  

 The sequestration of aqueous phase m-xylene was nearly 100% of the aqueous 

phase m-xylene. Sequestration of aqueous phase m-xylene during transport was verified 

in m-xylene BTC in which a negative and positive peak are visible in m-xylene 

concentration (Figure 9). Although the spectrophotometer is unable to differentiate 

between aqueous phase and sequestered m-xylene, the positive and negative peaks are 

caused by difference in particle and pore water velocity. As contaminated waters mix 

with the MSCK slug during transport, MSCKs near the rear of the injection slug are 

allowed to sequester m-xylene (aq) before it comes in contact with the rest of the slug, 

thereby lowering the aqueous phase m-xylene concentration below ambient 

concentration. Because of this, MSCKs at the front of the injection slug are continually 
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exposed to an aqueous phase with an m-xylene concentration below the ambient 8.66 

mg/L baseline concentration. As a result, particles which are eluted earlier are exposed 

to less m-xylene(aq) and exist within a packet of water which was treated as it passed 

through the rear of the MSCK injection slug, causing the detected m-xylene 

concentration to be below the ambient (aka baseline) concentration. Conversely, MSCKs 

which are eluted later are exposed to a continually refreshing source of ambient aqueous 

phase m-xylene and are therefore able to sequester more than 8.66 mg/L of m-xylene, 

resulting in a rise of the m-xylene BTC above the baseline. 

4.6. Conclusions 

This study determined that MSCKs are transported readily through saturated 

sands with virtually no particle retention; however, the presence of clays retards MSCK 

transport via irreversible attachment and/or aggregation and straining of MSCKs. 

Additionally, the presence of hydrocarbon contaminants, in either the aqueous phase or 

as free phase, reduces the mobility of MSCKs and lowers recovery.  

The findings of the sequestration experiments indicate that MSCKs are excellent 

at treating aqueous phase contaminants during transport, with  m-xylene(aq) being 

removed below the detection limit and well below the regulatory limits for residential 

groundwater. The sequestration of free phase mineral oil by MSCKs was significantly 

lower, with mineral oil recovery totaling only between 3% and 10% of the total mass of 

MSCKs injected.  

The change in transport properties of MSCKs in the presence of aqueous phase 

contaminants has a number of potential applications: One possibility is the encapsulation 
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or immobilization of existing contaminant plumes. Also, it should be noted that NAPL 

contaminants in nature tend to equilibrate with surrounding aqueous phase and create 

local regions of high aqueous phase concentrations in the vicinity of the NAPL. There is 

potential to make use of these properties to create treatment zones around NAPL 

contamination, essentially creating small scale permeable reactive barriers around the 

free phase liquid. 
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5. SUMMARY 

 This project has studied the transport characteristics and remediation capabilities 

of MSCKs in saturated porous media. Transport characteristics were determined by 

conducting one dimensional impulse column experiments in saturated sand and saturated 

sand/clay columns.  

 This study determined that, although some pore size exclusion does occur, 

MSCKs are readily transported through saturated sand, with 99% recovery observed. In 

sand/clay, irreversible attachment, aggregation, and/or straining of MSCKs occurs, 

reducing recovery to 63%. The presence of aqueous phase and free phase contaminants 

was also found to retard MSCK transport. In the presence of ambient 8.66 mg/L m-

xylene (aq), MSCK recovery was reduced to 61% in sand and 53% in sand/clay. 

Additionally, the presence of aqueous phase m-xylene exhibited increase in MSCK 

residence time from 0.966 pore volumes to 1.04 pore volumes. The presence of free 

phase mineral oil had similar effects, with recovery being reduced to 66% and residence 

time increasing to 1.01 pore volumes. 

 The sequestration of contaminants during transport was also studied with 

aqueous phase m-xylene during MSCK elution being reduced to below the method 

detection limit. The sequestration of free phase contaminant performed much worse, 

with the mass of mineral oil recovery being between 10% and 3% of the mass of 

MSCKs eluted.   

 In conclusion, MSCKs are a viable groundwater remediation technology for 

aqueous phase contaminants, however they exhibit difficulties in the sequestration of 
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free phase contaminants. The effect that the presence of contaminants have on the 

transport characteristics of MSCKs could potentially be beneficial for the entrapment or 

immobilization of contaminant plumes, however additional work is needed to explore 

this possibility.  

 Although this body of work has advanced the understanding of MSCK transport 

in saturated porous media, more work is still needed to fully characterize their transport 

characteristics. The effects of flow rate, presence of salts, changes in pH, and particle 

aggregation on MSCK transport and sequestration have not yet been determined and the 

existing experimental data has not yet been successfully fit to a numerical model. 

Furthermore, retention profiles for the MSCKs within the soil matrix have not yet been 

produced and are necessary for the calibration of any numerical model.  
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