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Abstract 

Groundwater contamination by perfluoroalkyl substances (PFASs) is a topic of growing 

concern. Preventing transport via sorption-enhancement to aquifer material is a potential 

solution to this problem. Two models of osmotic surgical implant pumps were used to 

demonstrate that the cationic polymers poly(diallyldimethylammonium chloride) 

(polyDADMAC) and epichlorhydrin dimethylamine (EpiDMA) could be reliably and 

passively delivered to promote sequestration of PFASs. It was found that pumps behaved 

as expected with one failure near the end of pump lifespan. Next, alginate was 

investigated as an encapsulation media for EpiDMA and polyDADMAC to develop a 

bead-like vector for delivery of these compounds in a time release manner. Bead 

experiments examined alginate synthesis concentration, membrane thickness, and 

alginate composition. Synthesis concentration had no effect on mass transfer. Beads 

synthesized with greater membrane thickness may be characterized by slower polymer 

release, and alternative alginate composition results were promising. A loss on ignition 

scheme was also used to evaluate the effectiveness of polyDADMAC as a sorption 

enhancer for the PFASs perfluoroctanesulfonate (PFOS), perfluorooctanoate (PFOA), 

and perfluorononanoate (PFNA) and to elucidate potential removal mechanisms. In all 

cases, sorption of compounds increased beyond what can be explained by hydrophobic 

partitioning indicating the presence of coulombic attraction between the contaminant and 

cationic polymer. Finally, sand and soil column studies were used to assess the behavior 

of beads containing polyDADMAC and the transport potential of PFOS in a dynamic 

environment with sorption enhancer present. PolyDADMAC exhibited little retention on 

Ottawa sand but significant retention on soil excavated from Tinker Air Force Base. 

Polymer retention, however, was less than indicated by batch studies and is likely 

inhibited by steric and kinetic factors. 
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Chapter 1:  Literature Review 

1.1 Background and History of PFASs 

The 3M Company was the predominant producer of perfluoroalkyl substances 

(PFASs) in the United States beginning in the 1950’s.1–3 PFASs have been used in many 

industrial and consumer applications including textile, leather, and carpet treatments.  

This use may be further broken down into both post- and pre-consumer applications.  

These compounds have also been used as industrial surfactants and additives in 

electroplating, insecticides, and even in mining operations.1,2 One application that has 

garnered the most recent attention is the use of PFASs in aqueous-film-forming-foams 

(AFFF) due to widespread environmental releases, especially on U.S. Air Force bases.4,5 

The inclusion of PFASs in all of these products is due to this class of molecules having 

the unique property of being both hydrophobic and lipophobic. Additionally, these 

chemicals are extremely thermally and chemically stable.6 It has been reported that  

perfluorocarboxylic acid (PFCAs) salts are thermally stable to temperatures in excess of 

200 °C, while perfluorosufononic acid salts (PFSAs) are thermally stable to temperatures 

in excess of 400 °C.6  Even at low aqueous solubility, PFASs are considered ideal 

surfactants. At concentrations as low as 100 mg L-1, certain PFASs derived from 3M’s 8-

carbon perfluorooctanesulfonyl fluoride (POSF)-based chemistry lower the surface 

tension of water from 72.8 dynes cm-1 at 20°C to 15 dynes cm-1.2 

PFSAs were traditionally produced by the electrochemical fluorination process 

where hydrocarbon sulfonates were combined with anhydrous hydrogen fluoride and 

exposed to an electrical current,1,2,7 while PFCAs and fluorotelomer alcohols (FTOHs) 

are produced through telemerization where linear perfluoroalkyl chains are built and 

functionalized with a subsequent hydrolysis.8 Due to improving analytical chemistry 

capabilities, and increasing detection in environmental and tissue samples, 3M 

voluntaryily phased out their 8-carbon sulfonyl chemistry between the years 2000 and 

20029 in favor of shorter 4-carbon7 chain which is considered less bioaccumulative.3 In 

the year 2009 perfluorooctane sulfonate (PFOS), POSF, and their salts were listed under 

Annex B of the Stockholm Convention’s list of persistent organic pollutants indicating 
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that these compounds have some relevant uses for which adequate substitutes have not 

been formulated.  

1.2 Physicochemical Properties 

Perfluoroalkyl acids (PFAAs) are characterized by a fully-fluorinated carbon 

chain and an acidic function group, where the functional group is typically a carboxylate 

or sulfonate. Perfluorosulfonic acids (PFSAs) and perfluorocarboxylic acids (PFCAs) 

exist in the environment in their ionic from. For example, PFOS has an estimated pKa of -

3.27, while molecular modeling indicates PFOA has a pKa of -0.5.10 The PFAA structure 

is unique in not only its amphipathic nature but also in its electronic geometry. 

Halogen atoms are considered electron-withdrawing. This effect, however, does 

not increase aqueous solubility of halogen-containing organic species. When considering 

log Ki,ow, the octanol-water partition coefficient, values are calculated using a fragment-

contribution method based on a molecule’s structure, and larger halogen atoms increase a 

species’ propensity to partition into the organic phase, probably due to large free energies 

of cavity formation. But small fluorine atoms do not significantly affect partitioning into 

the aqueous or organic phase.11 

Fluorine is the most electronegative atom,12 and due to the arrangement of 

fluorine atoms around a central carbon chain in PFASs, this unique electronic geometry 

imparts negative surface character to the entire carbon chain.8 The electronegative sheath 

caused by electron-withdrawing fluorine atoms becomes important when considering 

electrostatic intermolecular interactions for PFASs, especially when adsorbed to surfaces. 

The extreme stability of PFASs is due to the strength of the C-F bond, where this 

excessive strength is attributed to the near-perfect overlap of the 2s orbital of a carbon 

atom and 2p orbital of fluorine.8    

Given physicochemical properties that impart extreme stability under 

environmentally relevant conditions, PFASs are considered recalcitrant in the 

environment. These types of molecules are nonreactive, where PFAAs are considered the 

ultimate reaction products of some PFASs.13 No true biotic or abiotic degradation has 

been observed to date which involves cleavage of a C-F bond. Researchers have observed 

the disappearance of PFASs from solution, but mineralization has never been 
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demonstrated. For example, in batch biodegradation experiments using the bacterium 

Pseudomonas aeruginosa, nearly 67% of PFOS was degraded (C0 = 1.4 – 1.8 mg L-1) 

after 48 hrs. No fluorine, however, was detected 14. This result is consistent with cleavage 

of C-C bonds rather than C-F bonds whose bond energies are 423 and 484 kJ mol-1, 

respectively.8  In photolysis experiments, similar results were observed.  Researchers 

exposed solutions of PFAAs to solar radiation for 106 days on top of Mt. Mauna Kea, HI. 

After the exposure period, it was determined that degradation of 29% of the PFOS was 

observed. When examining PFCAs, major degradation products were quantified and 

identified as having lost a CF2 moiety indicating again cleavage of a C-C bond.15   

1.3 Sources to the Environment   

In 1997 alone, four million pounds of POSF were produced by 3M for further 

fluorocarbon synthesis,9 so there are many sources of PFASs to the environment. These 

sources include, but are not limited to landfills, water treatment facilities, production 

facilities, and consumer and industrial use. In Minnesota alone, 3M disposed of PFAS 

production wastes and water treatment sludges in at least five landfill locations.16 In 

1992, one of these locations received as many as 150,000 m3 of various types solid 

waste.16  

In addition to burial of solid waste, there are also accounts of direct discharge of 

wastes to both the atmosphere and surfacewaters. Many PFASs have also been detected 

throughout the Upper-Mississippi River basin.17 Likewise, a 3M Cottage Grove, MN 

production facility discharged treated water to the Mississippi River, and PFOS and 

perfluorooctanoate (PFOA) were detected downstream in the ng L-1 range.16  

Until the year 2000 at 3M’s Decatur, AL production facility, volatile byproducts 

of the electrochemical fluorination process were largely vented to the atmosphere.1 The 

ionic nature of PFAAs under relevant environmental conditions makes them largely 

nonvolatile. For example, the vapor pressure of PFOS is extremely low (pvap = 3.31×10-1 

Pa);7 however, precursor molecules like N-ethyl perfluorooctane sulfonamido ethanol 

may easily enter the gas phase.1 It was estimated that in 1997, 2600 lbs of PFOS 

equivalents were vented to the atmosphere by 3M through 80 manufacturing vent-points 

and another 3300 lbs through end-user application of products.1   
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Consequently, atmospheric and aqueous oxidation of precursor molecules by 

hydroxyl radicals have been implicated as an additional source of PFASs to the 

environment. In a study conducted by Dinglasan-Panlilio and Maybury, it was 

determined that between 0.04 and 3.8% of certain consumer and industrial surfactants 

remained as unreacted, and volatile, fluorotelomer and sulfonamido alcohols leftover 

from polymerization processes.18 It has been demonstrated in smog chamber studies 

volatile precursor molecules may undergo atmospheric oxidation through an “unzipping” 

cycle via a hydroxyl radical-mediated reaction where PFAAs are formed.19 This type of 

reaction is used to explain the presence of non-volatile PFASs in the Tibetan Plateau.20 

After atmospheric precursor transformation, PFAAs are easily washed out by 

precipitation or settle out by deposition. 

Similarly, aqueous precursor molecules are transformed much in the same way. In 

a study of groundwater impacted by PFASs, Houtz et al. determined that as much as 23 

% of total PFASs existed as PFAA precursor molecules from a fire-fighting training 

area.21 Using a method developed by Houtz and Sedlak, the aqueous precursor molecules 

were converted to recalcitrant PFASs by oxidation with hydroxyl radicals.13 Biological 

transformation of precursors has also been demonstrated. In a mixed microbial system, 

Dinglasan et al. showed that PFOA is a metabolite of 8:2 fluorotelomer alcohol 

biodegradation.22 

Interestingly, environmental concentrations reflect usage trends of PFASs, 

especially with respect to the phaseout of POSF-based chemistry by 3M. For example, 

peak PFOS concentrations were observed in 2001suspended sediment samples collected 

from the Niagra River annually between 1981 and 2006.23 Further, the concentrations of 

perfluorooctane sulfonamide and n-ethylperfluoro-1-octanesulfonamidoacetic acid 

decreased in sediment cores taken from Tokyo bay after 2001.24 Sludge samples taken 

from a California wastewater treatment plant in 1998 and again 2004 also showed 

decreases in PFOS concentrations, likely attributable to the 3M phaseout, as these 

chemicals were be linked back to 3M’s POSF electrochemical fluorination process.25  

PFASs have been detected in Arctic mammals, birds, and fish.26 Likewise, PFAS 

have been detected in polar bear livers from the Canadian Arctic, and chromatographic 



 

 5 

signatures suggest atmospheric conversion of precursor molecules are likely.19 Higgins et 

al. demonstrated that PFAS are bioaccumulative in in the freshwater worm Lumbriculus 

variegatus. PFOS even exhibited a steady-state biota-sediment accumulation factor of 

42±17 g g-1.27 Finally PFASs have been detected in human umbilical cord sera,28 liver 

samples,29 and plasma.30     

1.4 Sorption as a Physical Process 

The sorption of PFASs is governed by physicochemical properties of soil, 

subsurface solution chemistry, and the molecular characteristics of PFASs themselves. In 

a 2005 study, Higgins et al. detected higher concentrations of PFASs in wastewater 

treatment sludges than in sediments taken from the nearby San Francisco Bay25, further 

suggesting the importance of organic material in PFAS partitioning. Typically partition 

coefficients like sediment- and organic carbon-water, Ki,d and Ki,oc, respectively, are used 

to describe the partitioning of organic molecules between retained and mobile (i.e. sorbed 

and aqueous) phases. 

These partition coefficients are described conceptually using thermodynamics as a 

linear combination of free energy terms describing the interactions of the hydrophilic 

headgroup, lipophilic carbon tail with the system27, and even intermolecular interactions 

between specific PFAS species31.  The hydrophilic headgroup is an ionized acidic 

functional group at relevant environmental pHs. The accompanying free energy term 

describes electrostatic interactions between charged moieties (and electronegative or 

positive areas) on sediment surfaces and the functional group itself. This interaction 

encompasses ligand formation with protonated hydroxyl groups on sediment surfaces. 

This interaction can be a net positive or negative interaction depending on sediment zeta 

potential/surface charge.  

A second free energy term describes interactions of the hydrophobic tail with the 

aqueous environment and with sediment organic phases. Cavity formation in aqueous 

environments likely drives hydrophobic partitioning of these molecules. The molar 

volume of a CF2 group is larger than that of a CH2 group.32 The van der Waals radii of 

fluorine and hydrogen atoms are 1.47 and 1.2 Å, respectively.33 Therefore, the cavity 

formation term in an aqueous solution (cleavage of hydrogen bonds between interacting 
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water molecules)11 will be larger for a fluorinated molecule than a typical aliphatic 

molecule because a larger molecule must be accommodated. The net energy gained due 

to van der Waals interactions between a CF2 group and the surrounding solution will be 

smaller than the cavity formation term but the same as van der Waals interaction for a 

CH2 group with the surrounding solution. This indicates a larger magnitude of retention 

will be observed for addition of a CF2 group compared to a CH2 group in an organic 

molecule in an organic phase where only van der Waals interactions are present.34  

Finally, a third term reflects intermolecular interactions between species 

predominantly in the sorbed phase on sediment surfaces and predominantly describes 

electrostatic repulsion of the electronegative fluorinated tail. This term can be used to 

describe describes maximum molecular density on a surface based on the degree of 

repulsion experienced between PFAS molecules.31 If monolayer coverage of PFOS 

molecules were described by atomic radii alone, with no space between molecules, the 

expected molecular density would be 4-20 molecules nm-2 depending on orientation of 

the molecules to a surface.35 In sorption experiments onto goethite surfaces, however, a 

monolayer molecular density of 0.003 molecules nm-2 was observed. The measured value 

is characterized by an intermolecular distance of approximately 18 nm, representing the 

coulombic screening distance between molecules and is much than what would be 

expected if molecules were touching.31 A value of 0.003 molecules nm-1 is also consistent 

with Johnson et al.’s measurement of 0.0014 molecules nm-1 for a monolayer of PFOS on 

goethite surfaces.35  This example illustrates the extreme complexity of PFAS 

partitioning systems and also where current thermodynamic models begin to break down.  

Higher sorption coefficients have been measured for sulfonates than 

carboxylates.36,37 This phenomenon has been observed experimentally to both mineral 

surfaces and in sediments. Higgins and Luthy measured higher Koc values for sulfonates 

than carboxylates of comparable carbon-chain length on sediments.38 Ferrey et al. 

observed greater sorption of PFOS than PFOA to sandy aquifer material taken near a MN 

landfill.39 Kd values measured for PFOS were consistently greater than those measured 

for PFOA on six distinct soil types with varying amounts of organic carbon.40 Finally 
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sorption to three clay minerals (montmorillonite, kaolinite, and hematite) always 

followed the trend of PFSAs sorbing to a greater extent than PFCAs.41 

The phenomenon of greater sulfonate sorption is explained in two ways. Due to 

the molecular size, sulfonates have a larger aqueous cavity-formation free energy term 

than carboxylates of a similar carbon chain length and will more readily partition into the 

organic phase. Likewise, a similar result is obtained when Pearson’s hard soft acid base 

theory is considered. Soft acids tend to interact more strongly with soft bases, while hard 

acids interact more strongly with hard bases. Sulfonates are moderately hard bases, and 

oxide mineral surfaces are hard acids.  Conversely, carboxylates are soft bases and should 

not interact with oxide mineral surfaces to the same extent as sulfonates.42 

Linear sorption isotherms are characterized by a constant free energy of sorption 

for transfer between two phases and indicate an equilibrium partitioning process. A linear 

relationship between number of CF2 groups and log partition coefficient has been 

proposed.36 Sometimes sorption, however, is an irreversible process, and factors like 

ligand strength and cavity collapse within the organic phase have been proposed as 

governing mechanisms. Desorption hysteresis has been quantified several times to 

describe the irreversibility of PFAS sorption using the concept of the Thermodynamic 

Index of Irreversibility (TII) which is a measure between 0 and 1 and is easily calculated 

from sorption and desorption isotherms. A great deal of irreversible retention was 

observed by You et al. for PFOS onto sediments taken from lakes and aquifers from 

China based on TII measurements.43 In another study, greater TII values were measured 

for perfluorohexane sulfonate (PFHxS) than PFOS and were explained by a cavity 

collapse mechanism. Because PFHxS is a smaller molecule than PFOS, it was 

hypothesized that the molecule was able to more readily diffuse into organic matter (OM) 

nanopores where strong attractive intermolecular interactions induced cavity collapse 

resulting in irreversible sorption. The same result was not observed with PFOS because it 

was a larger molecule, so only reversible adsorption (rather than absorption) was 

observed.41 Ferrey et al. demonstrated that initially in aquifer sediment microcosm 

experiments amended with PFOS and PFOA,39 greater sorption was observed than was 

predicted by literature Koc values.38 With time however, aqueous concentrations increased 
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and Koc values decreased to reflect those literature values. Assuming sorption was 

dominated by organic partitioning, observed desorption is in contrast to the sorption 

hysteresis observed by You et al.43 for PFOS to natural sediment samples taken from 

lakes in China. In the Ferrey experiment, it was suggested that the desorption was 

actually from the silica surfaces and septa in the reaction vessel.39    

Differential sorption of PFASs observed between sediments illustrates the 

importance of sediment-specific characteristics PFAS retention. The zeta potential of a 

sediment (measure of electrical potential at the slipping plane of a colloidal electrical 

double layer) can significantly contribute to electrostatic interactions with PFASs. Zeta 

potential depends on both pH and ionic strength and can be both positive or negative, so 

PFAS molecules may experience attractive or repulsive forces with various sediment 

surfaces. Natural organic matter is often amphiphilic and zwitterionic being characterized 

by hydrophilic moieties of positive and negative charges and areas of hydrophobic 

nature. Negative functional groups are often deprotonated carboxylates, while positive 

functional groups could be quaternary and protonated amines.44 If the value of the zeta 

potential is positive, there is likely a buildup of divalent cations on negative functional 

groups (controlled by ionic strength) or protonated negative functional groups. In a recent 

review of PFAS sorbents, it was even shown that quaternary amines are quite effective at 

removing PFASs from solution.45 The predominant sorption mechanism is driven by the 

relative contribution of coulombic and hydrophobic/lipophilic free energy terms present 

in a certain soil. At low organic carbon contents, sorption is considered predominantly 

electrostatic interactions (either attractive or repulsive) and surface area-mediated. 

Greater adsorption of PFOS to kaolinite than montmorillonite was observed in 

batch sorption experiments, and at the experimental pH values, the zeta potential of 

kaolinite was less negative than montmorillonite indicating less repulsive interactions 

between the sorbate and sorbent.46  Milinovic et al. measured distinct Kd values for three 

PFASs to five different sediments, each having different zeta potentials and organic 

carbon contents.40 In many cases, Kd has been positively correlated with foc indicating the 

likelihood that PFASs are partitioning into the organic phase, especially at high foc 

values.38,40,43  
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Solution chemistry has been determined to have a substantial impact on the 

retention of PFASs. Dissolved ions possibly enhance PFAS sorption by reducing cavity 

volumes. It becomes more energetically unfavorable for large PFAS molecules to form a 

cavity within the tightly packed water molecules.47 It has been demonstrated on 

numerous occasions that divalent cations enhance sorption of PFASs by several possible 

mechanisms. Cation bridging has been shown to increase sorption of PFASs when 

divalent cations form ligands with sediment surfaces.31,38 Zhao et al. observed decreases 

in sorbed phase PFASs with decreases in ionic strength.41 In some cases, when ligand 

formation with a surface is not possible, divalent cations may bridge two PFAS 

molecules and prevent adsorption. PFOA is able to self-complex with both Mg2+ and 

Ca2+, while PFOS has only been shown to self-complex with Ca2+ due to a greater 

hydration of Mg2+ ions.48 

Higgins et al. showed that increased sorption by divalent cations is not simply 

attributable to compression of a colloidal diffuse double layer because the same sorption 

enhancement was not observed with monovalent cations (i.e. Na+).38 A study of PFOS 

adsorption to goethite and silica colloids also demonstrated increased PFOS sorption at 

increased [Ca2+].31 Additionally, You et al. demonstrated a similar result where PFOS 

sorption onto sediment samples taken from a lake in China were three times greater when 

[Ca2+] increased from 5 to 500 mM.43 Wang et al., however, found that both PFOS and 

PFOA sorption onto boehmite surfaces decreased with increasing [Ca2+]. The point of 

zero charge (PZC) for this mineral was 8.5, and the surface was positively charged at the 

pH values of the experiments. It is possible that decreased ligand exchange with divalent 

metal by surface functional groups was observed, and increased ionic strength only 

compressed the electrical double layer.37 

pH is a major contributing factor to PFAS retention. Most studies indicate that 

PFAS sorption to sediments increases with a decrease in pH,35,37–39,41,48 but there are 

exceptions.43 Increased sorption is attributed to protonation of sediment functional groups 

and increases in sediment zeta potential which results in less electrostatic repulsion 

between the surface and dissolved PFASs.39,47 In sediment samples taken from Tokyo 

Bay, Ahrens et al. observed a correlation between PFAS enrichment and both decreasing 
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pH and increasing foc.
24 High pH deprotonation of acidic functional groups, however, 

may contribute to sorption through divalent cation bridging given high enough ionic 

strengths.43 It has been shown that pH also varies linearly with log Kd,
38

 and there has 

likewise been positive correlations demonstrated between Kd and foc.
40,49 

Much like partitioning, transport of PFASs in the subsurface environment is 

highly sediment-dependent and is characterized by the partition coefficient, Kd, and 

porosity which both effect contaminant linear velocity. These terms coupled with bulk 

density makes it possible to calculate retardation coefficients for specific chemical 

species. Assuming significant sorption is predominantly controlled by organic carbon 

content, based on log linear relationships between Kd and foc, it is expected that very little 

retardation of PFASs will be observed in aquifer material given low foc values. Ferry et al. 

determined retardation coefficients between 1 and 2 for PFOA in their microcosm 

experiments.39  

1.5 Thesis Goals 

It could be possible to modify sediment surfaces in a permanent way to promote 

sorption of PFASs. Using two distinct surfactants, sodium decyl sulfate (SDS) and N,N-

dimethyldodecylamine N-oxide (AO), Guelfo and Higgins demonstrated increases in 

PFASs retention on sediments having different geochemical and physical characteristics. 

In some cases, greater retardation of PFASs was observed.49 Pan et al. examined the 

effect of the anionic and cation surfactants sodium dodecylbenzene sulfonate (SDBS) and 

cetyltrimethylammonium bromide (CTAB), respectively on the on the sorption of PFOS 

to natural sediment. It was demonstrated that there was a linear correlation between Kd 

and initial surfactant concentration. SDBS exhibited different characteristics at different 

concentrations with respect to PFAS sorption. CTAB always enhanced PFAS sorption50 

Cationic coagulants introduced during water treatment have also been shown to enhance 

the sorption of PFASs.51 

The main goals of this research were to develop a cost-effective delivery 

mechanism for cationic water treatment polymers in subsurface environments to 

promoting PFAS partitioning and to demonstrate the effectiveness of these sorption 

enhancers at promoting PFAS transitions into the sediment phase. Given their high 
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frequency of use,1 thermally stability,6 resistance to degradation,14,15,39,52 and tendency to 

bioaccumulate,27 PFASs are both ubiquitous and recalcitrant in the environment. Because 

PFASs are unlikely to degrade under normal environmental circumstances, it is believed 

that enhanced sorption could be used to promote sequestration and lead to targeted 

aqueous concentrations.  
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Chapter 2: Controlled Release of Cationic Polymer from an Osmotic Pumps 

2.1 Introduction  

The goal of this work is to enhance retention of PFASs in subsurface 

environments by way of modifying sediment surfaces through amendment with cationic 

polymer, so it was necessary to develop a delivery mechanism for the cationic polymers. 

In this chapter, osmotic pumps are tested, and in Chapter 3, alginate beads are evaluated. 

Osmotic pumps are able to release reagents at a constant rate through regulation 

of the osmotic potential on either side of a semipermeable membrane (Figure 2.1). The 

pumps are composed of a semipermeable outer membrane which water may travel across, 

an interstitial layer with a solid salt present, an impermeable membrane, and an inner 

cavity where the compound to be released is held. The technology works by allowing 

water from a bulk solution to diffuse across the semipermeable membrane. As the 

interstitial space fills with water, pressure is exerted on the impermeable membrane, 

causing the slow-release compound to be pushed out the end of the pump. 

 

Figure 2.1. Conceptual design of an osmotic pump. Water enters the outer 

semipermeable membrane and exerts a force on the impermeable layer, causing polymer 

to leave the pump at a constant rate.  
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Diffusion across a membrane is proportional to the osmotic potential between two 

sides of a membrane. In the osmotic pump, continuous controlled release is achieved due 

to present of excess solid salt in the interstitial space. Because solid salt is in excess, the 

brine solution in the interstitial space will always be at saturation with respect to that 

species. Because the concentration of salt is held constant, the osmotic potential on either 

side of the membrane is constant, and the compound if interest is released from the pump 

at a constant rate. Continual release of polymer is desirable to match contaminant fluxes 

through the subsurface. A subsurface remediation scheme eliminates the need for 

aboveground infrastructure and maintenance. As a first step to develop such a system, 

commercially available osmotic pumps were tested as a slow-release mechanism for 

introduction of polymer to subsurface environments. 

Polydiallyldimethylammonium chloride (polyDADMAC) is a semiflexible 

polymer chain with rigid characteristics imparted by electrostatic repulsion of monomer 

units and steric hindrance by side chains. There are several benefits to its use. 

Semiflexible polymers can create dense layers on surfaces,53 and it is a quaternary amine 

which have been shown to be effective at removing PFASs from solution.45 Water is a 

good solvent for polyDADMAC. Being a good solvent indicates that polymer-solvent 

interactions are more favorable than polymer-polymer interactions suggesting that 

precipitation or phase separation will not occur. This is not to say that the polymer will 

not experience strong interactions with sediments. 

Epichlorhydrin-dimethylamine (EpiDMA) is another quaternary amine which is 

miscible in water and will be examined in this experiment. 

2.2 Materials and Methods 

2.2.1 Reagents 

 Mini-osmotic pumps used in this experiment were obtained from ALZET (models 

2004 and 2006). Aqueous polymers were obtained from Accepta (4350 and 4351), Epi-

DMA and polyDADMAC, respectively. Sodium bicarbonate and potassium hydrogen 

phthalate (KHP) were obtained from Sigma-Aldrich.   
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2.2.2 Experimental Methods 

Two models of mini-osmotic pumps (2004 and 2006 from ALZET) were used for 

the administration of two polymers (polyDADMAC and EpiDMA) at two distinct rates. 

Due to the cost-prohibitive nature of these pumps, batch experiments were only carried 

out in duplicate. In total, ten 200-mL reactors were used, including two control reactors 

(one for each model of pump). Reactor bulk electrolyte consisted of a synthetic 

groundwater containing 10 mM sodium bicarbonate solution, where the pumping rate is a 

function of the osmolality in the bulk solution. According to the manufacturer’s 

specifications, pump model 2004 is designed to deliver continuously for 28 days, while 

pump model 2006 is designed to deliver continuously for 42 days at flowrates of 0.25 and 

0.15 µL hr-1, respectively. Actual pump rate was estimated using Equation 2.1: 

𝑄 = 𝑄0 ∗ [0.135 ∗ 𝑒𝑥𝑝(0.054 ∗ 𝑇) − 0.004 ∗ 𝜋 + 0.03]  Equation 2.1 

where T is the ambient temperature in ºC, Q0 is the specified pumping rate, and 𝜋 is the 

osmotic activity in the bulk solution in atm.  

Osmotic pumps were filled via the provided 27 gauge filling tube. Due to the 

viscous nature of these water treatment polymers dodecylbenzene sulfonate and extreme 

resistance to flow, it was necessary to dilute them. The polymers were diluted with equal 

volumes ultrapure water. The amount of polymer within the pump was determined 

gravimetrically by the difference in mass of the empty and full pump. An initial 

equilibration period of 40 hours in saline solution was required.  

Batch experiments were then sampled biweekly to monitor polymer release.  The 

sample volume was 1 mL, and the sample volume was replaced with fresh bicarbonate 

buffer to keep the volume of the reactor constant. Total organic carbon (TOC) was 

considered a proxy measure for polymer concentrations and were not further converted to 

specific polymer concentration. 

2.2.3 Instrumental Analysis  

Aqueous polymer levels were determined by TOC analysis on a Shimadzu TOC-

L Total Organic Carbon analyzer equipped with an OCT-L 8-port sampler. KHP was 

used as a calibration standard for non-purgeable organic carbon analysis. The instrument 
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used an auto-dilution feature that measured the concentration of an initial injection and 

further diluted or changed the injection volume so that the area of subsequent samples 

would fall within the range of the calibration curve. Carrier gas, UHP/Zero Grade Air 

(Matheson Tri-Gas) was introduced at a flow rate of 80 mL min-1. Injection volume was 

20 µL, and the best three of five injections were used to minimize the standard deviation 

of the area of injections. Samples were injected into a 680 °C catalytic oven in the 

presence of a Pt catalyst, oxidized to CO2, and measured by nondispersive infrared 

detection.  

2.3 Results and Discussion 

After corrections for experimental conditions (Equation 2.1), it was estimated 

that pumping rates would be 0.07 and 0.04 µL hr-1 and expected experimental durations 

were 136 and 216 days for pump models 2004 and 2006, respectively. The experiment 

was considered functionally over when extreme deviations from linearity were observed 

(Figs 2.2-2.6). Predicted lines were created using the updated flowrate and extended to 

the estimated endpoint of the experiment (based on pump volume). After approximately 

2000 hours, osmotic pump 2004 A2 broke and released all remaining EpiDMA to the 

bulk solution. Pump model 2004 performed as expected for the lifetime of the pump, 

while pump model 2006 exhibited deviations from linearity in all cases at beginning at 

approximately three quarters through pump lifespan. 
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Fig 2.2.  Controlled EpiDMA release from pump model 2004. Circles and triangles 

represent measurements taken from duplicate reactors, and the solid line is the expected 

release extended to the expected endpoint of experiment. 

 

Fig 2.3.  Controlled polyDADMAC release from pump model 2004. Circles and triangles 

represent measurements taken from duplicate reactors, and the solid line is the expected 

release extended to the expected endpoint of experiment. 
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Fig 2.4.  Controlled EpiDMA release from pump model 2004. Circles and triangles 

represent measurements taken from duplicate reactors, and the solid line is the expected 

release extended to the expected endpoint of experiment. 

 

 

Fig 2.5.  Controlled polyDADMAC release from pump model 2006. Circles and triangles 

represent measurements taken from duplicate reactors, and the solid line is the expected 

release extended to the expected endpoint of experiment. 

 Using commercially available water treatment polymers, controlled release was 
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(Fig 2.2) was observed. The pumps used here were designed as surgical implant devices 

and could not be used in any remediation capacity. The basic design of the osmotic 

pump, however, is simple (Fig 2.1) and could possibly be scaled to a device or devices of 

the correct size inexpensive enough for subsurface remediation applications, perhaps a 

reactive barrier system. Development of a prototype and further testing would be needed 

to verify this.    
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Chapter 3:  PolyDADMAC Encapsulation in Alginate Macrobeads and 

Optimization of Mass Transfer  

3.1 Introduction 

Alginate was investigated as a possible material to construct a membrane-based 

controlled release system to introduce polyDADMAC into the subsurface environment. It 

was chosen as a membrane material due to its low cost, ease of hydrogel synthesis, 

nontoxic nature, and biodegradability. 

Alginic acid is a biopolymer extracted from brown algae composed of repeating 

epimer units of one to four linked β-D-mannuronic and α-L-guluronic acids. When a 

single unit is repeated, it is known as either an M-block or a G-block. The relative 

abundance of either of these blocks, or that of alternating epimer units, is what imparts 

specific physicochemical properties to the alginate. Alginate has the unique property that 

it forms a hydrogel when exposed to divalent cations. Chelation occurs at electronegative 

G-blocks where divalent cations interact with electron-rich oxygen atoms and 

deprotonated carboxylate functional groups. Additionally, polymer composition also 

depends on the algae from which it was extracted.54 Alginate is a heterogeneous hydrogel 

indicating that it is composed of rigid polymer chains,55 and it is interesting to note that 

alginate does not form a sol-gel in the presence of Mg2+.56  

Extensive research has been conducted regarding the use of alginate microbeads 

as sorbents for divalent metal ions.57,58 In microcapsules, loosely bound non-gelling ions 

(e.g. Na+ or Mg2+) are exchanged from carboxylate groups attached associated 

mannuronic acid monomers (pKa ~3.5)59 by elution with a strong acid. Beads are then 

deployed where H+ is exchanged in a neutral aqueous environment for divalent cations.  

Because this process is largely irreversible, alginate microbeads could be used as a 

perfluorochemical sorbent, where sorption could be enhanced by divalent cation bridging. 

Likewise, the effect of organic partitioning should be considered, whether largely 

electronegative alginate units (imparted by oxygen atoms and carboxylate moieties) exert 

a repulsive effect on electronegative PFASs.  
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Bacterial cells have traditionally been encapsulated in alginate microbeads. Due 

to the nature of the large pores within the hydrogel network, macromolecules are able to 

freely diffuse through the membranous material, while cells themselves are too large to 

leak out. Sometimes a secondary silica coating is added to the exterior of an alginate 

bead,60 and it is subsequently exposed to a strong Ca2+ chelator like citrate to reverse the 

gelling process.56 In this way, it is possible to create a completely aqueous environment 

for cells to exist while still immobilizing them for experimental purposes. Thermo- and 

pH-sensitive smart molecules have also been used in the construction of alginate beads 

and membranes. These molecules adopt conformational changes under differential 

environmental conditions and perturb the membrane they are embedded within. Under 

certain conditions it becomes easier to exchange materials with the outside 

environment.61,62 The possibility of macromolecule transport into/out of alginate 

microbeads suggests alginate could be used as an encapsulation material for a sorption 

enhancer to be released into the subsurface to aid in the sorption of PFAS.  

Typical alginate microbead formation occurs by gelation from the outside. 

Alginate is added dropwise into a concentrated solution of divalent cations. If a viscosity 

adjuster like carboxymethyl cellulose is added to an aqueous solution of divalent cations, 

it is possible to add this solution dropwise to a bath of alginate. The viscosity of the drop 

must be high enough to penetrate the alginate bath and maintain integrity. In this scheme, 

gelation begins from the inside of the bead and travels outward. Beads are then strained 

and added to a secondary bath of divalent cations to finish gelation from the exterior of 

the bead. This scheme results in beads characterized by a thin diffusive membrane and an 

aqueous core. The second type of bead discussed has been proposed for use as a sorbent 

rare earth metal recovery in the electronic recycling industry. For example, it has been 

demonstrated that gold can permeate the membrane and be removed from solution.63,64

 The purpose of this chapter is to determine mass transfer coefficients associated 

with alginate beads prepared by different synthesis methods to assess potential bead 

performance in the delivery of PFAS sorption enhancer (e.g. polyDADAMAC). Beads 

are prepared using an internal gelation method. The equation used to determine 

experimental mass transfer coefficients is derived. A theoretical molecular diffusivity is 
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then calculated. Various aspects of bead synthesis are discussed, and physical bead 

dimensions are measured. Finally, batch experiments are used to determine macrobead 

mass transfer coefficients. Because this is a mass transfer process, it is expected that the 

experiments will exhibit first-order behavior. It is desirable to tune mass transfer from 

alginate beads to a rate that coincides with the release of PFASs from subsurface 

reservoirs, so the tunability of this property is examined. 

3.2 Theory 

3.2.1 Mass Transfer Derivation in a Batch Reactor 

An equation was derived describing mass transfer from beads into a batch reactor. 

Equation 3.1 indicates that the rate of accumulation of polyDADMAC within a reactor is 

proportional to the concentration gradient on either side of the alginate membrane, the 

surface area of the beads, A (L2), the molecular diffusion coefficient of cationic polymer, 

D (L2 t-1), a partition coefficient describing polymer partitioning between the aqueous 

phase and membrane, K, and membrane thickness, l. These final three terms are 

combined into a single mass transfer coefficient, h (L t-1), resulting in Equation 3.2. 

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ∗
𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
=  −

𝐷∗𝐾

𝑙
∗ 𝐴 ∗  (𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑏𝑒𝑎𝑑) Equation 3.1 

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ∗
𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
=  −ℎ ∗  𝐴 ∗ (𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑏𝑒𝑎𝑑) Equation 3.2 

If the mass transfer coefficient and area are normalized to the volume of a batch 

reactor (Equation 3.3), a first-order rate (k’) constant is obtained that describes mass 

transfer out of the beads (Equation 3.4). Because the internal polymer concentration of 

the beads cannot be measured during an experiment, Equation 3.4 is rewritten in terms 

of the polymer concentration in the bulk solution and is based on the initial internal bead 

concentration and conservation of mass within the system (Equation 3.5). Initial bead 

concentrations are determined at the end of the batch experiments and are based on 

equilibrium reactor concentrations and total reactor and bead volume. Substitution of 

Equation 3.5 into Equation 3.4 results in Equation 3.6. 

𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
=  

−ℎ∗ 𝐴𝑏𝑒𝑎𝑑

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
∗ (𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑏𝑒𝑎𝑑) Equation 3.3 
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𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
=  −𝑘′𝑏𝑒𝑎𝑑 ∗ (𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑏𝑒𝑎𝑑) Equation 3.4 

𝐶𝑏𝑒𝑎𝑑 = 𝐶𝑏𝑒𝑎𝑑
° − 𝐶𝑏𝑢𝑙𝑘 ∗

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
 Equation 3.5 

𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
=  −𝑘′𝑏𝑒𝑎𝑑 ∗ (𝐶𝑏𝑢𝑙𝑘 + 𝐶𝑏𝑢𝑙𝑘 ∗

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
− 𝐶𝑏𝑒𝑎𝑑

° ) Equation 3.6 

Equation 3.7 is a simple rearrangement of Equation 3.6 to give a form that is 

solvable analytically using an integrating factor. Like-terms are combined in Equation 

3.7.1 to simplify integration (i.e. Equations 3.8 and 3.9). The solution is Equation 3.10 

which describes mass transfer of polymer out of an alginate macrobead, where C’ is a 

constant of integration. 

𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
+ 𝑘′𝑏𝑒𝑎𝑑 ∗ 𝐶𝑏𝑢𝑙𝑘 (1 +

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
) =  𝑘′𝑏𝑒𝑎𝑑 ∗ 𝐶𝑏𝑒𝑎𝑑

°  Equation 3.7 

𝑙𝑒𝑡 𝛼 = 𝑘′
𝑏𝑒𝑎𝑑 ∗ (1 +

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
) ; 𝑙𝑒𝑡 𝛽 =  𝑘′𝑏𝑒𝑎𝑑 ∗ 𝐶𝑏𝑒𝑎𝑑

°  

𝑑𝐶𝑏𝑢𝑙𝑘

𝑑𝑡
+ 𝐶𝑏𝑢𝑙𝑘 ∗ 𝛼 =  𝛽 Equation 3.7.1 

µ(𝑡) = exp (𝛼 ∗ 𝑡) Equation 3.8 

𝑑

𝑑𝑡
{𝐶𝑏𝑢𝑙𝑘 ∗ exp[𝛼 ∗ 𝑡]} = ∫ exp[𝛼 ∗ 𝑡] ∗ 𝛽𝑑𝑡 Equation 3.9 

𝐶𝑏𝑢𝑙𝑘 ∗ 𝑒𝑥𝑝 (𝛼 ∗ 𝑡) =
𝛽

𝛼
∗ 𝑒𝑥𝑝 (𝛼 ∗ 𝑡) + 𝐶′ Equation 3.10 

To put the Equation 3.10 in a more familiar form, another rearrangement yields 

Equation 3.11 which gives bulk reactor concentration as a function of time. This is an 

initial value problem, so the integration constant is determined using the condition that 

the polymer concentration in the bulk solution at the beginning of the experiment is zero, 

resulting in Equation 3.12. Finally, reintroduction of the original variables describing the 

mass transfer system into Equation 3.12 results in Equations 3.12.1 and 3.12.2.      

𝐶𝑏𝑢𝑙𝑘 =
𝛽

𝛼
+ 𝐶′ ∗ 𝑒𝑥𝑝 (−𝛼 ∗ 𝑡) Equation 3.11 

𝐶𝑏𝑢𝑙𝑘(𝑡 = 0) = 0; 𝐶′ =  −
𝛽

𝛼
 

𝐶𝑏𝑢𝑙𝑘 =  
𝛽

𝛼
∗ [1 − 𝑒𝑥𝑝 (−𝛼 ∗ 𝑡)] Equation 3.12 
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 Equation 3.12.1 

𝐶𝑏𝑢𝑙𝑘 =  
𝑘′

𝑏𝑒𝑎𝑑 ∗ 𝐶𝑏𝑒𝑎𝑑
°

𝑘′
𝑏𝑒𝑎𝑑 ∗ (1 +

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
)

∗ [1 − 𝑒𝑥𝑝 (−𝑘′
𝑏𝑒𝑎𝑑 ∗ (1 +

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
) ∗ 𝑡)] 

𝐶𝑏𝑢𝑙𝑘 =  
𝐶𝑏𝑒𝑎𝑑

°

(1+
𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
)

∗ [1 − 𝑒𝑥𝑝 (
−ℎ∗ 𝐴𝑏𝑒𝑎𝑑

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
∗ (1 +

𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓

𝑉𝑏𝑒𝑎𝑑
) ∗ 𝑡)] Equation 3.12.2 

 According to Equation 3.12.2, observed mass transfer in a system can be 

manipulated in three ways. The mass transfer coefficient, bead surface area, and reactor 

volume can all be altered. Because the purpose of this study is identifying a potential 

environmental remediation scheme, it is assumed that reactor volume is fixed in that 

beads are efficiently packed to minimize void space. Increasing bead size will minimize 

the surface area to volume ratio of a reactor and potentially slow mass transfer. 

Physicochemical alteration of h is achieved via manipulation of the three parameters in 

Equation 3.1. Affinity of the diffusing species for the material it is diffusing through can 

be changed (i.e. modification K). The path length a diffusing species must traverse can be 

increased or decreased (i.e. modification l). Finally, the difficulty of transfer through a 

media can be altered (i.e. modification D). In an alginate hydrogel system, the three 

parameters [K, l, and D] manifest through alginate composition, membrane thickness, and 

pore constriction, all of which can be manipulated and were investigated. 

3.2.2 Determination of Macrobead Concentration 

To determine the initial internal concentration of sorption enhancer in the alginate 

beads, it was assumed that batch mass transfer experiments had come to equilibrium and 

beads were completely exhausted. Bulk polyDADMAC concentration was measured via 

total organic carbon (TOC) analysis (see below). The final reactor TOC concentration 

was taken to be representative of both the beads and reactor. The total mass of polymer 

present in the system was calculated based on total system volume (beads and reactor) 

and equilibrium TOC concentration. The mass of polymer removed from the system and 

reactor volume change due to reactor sampling was also accounted for. Alginate 

membrane volume was considered negligible, and no partitioning was considered. 

Finally, the system polymer mass was normalized to the number of beads in the reactor 
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for comparison of efficiency of encapsulation between different experimental treatments 

and model calculations.   

3.2.3 Estimation of h 

Obstruction theory is typically used to describe diffusion within heterogeneous 

hydrogels which assumes chains form an impenetrable network that must be 

circumvented, thereby elongating overall path length.55 Not enough information was 

regarding specific alginate physicochemical properties, so a hydrodynamic model was 

used. This model assumed diffusion was occurring in a dilute solution contained within 

the pores of the hydrogel network. A molecular diffusion coefficient was calculated for 

polyDADMAC transport across a 1.00% alginate membrane. The estimation incorporated 

first principles and published radius of gyration data.65,66 The estimated molecular 

diffusivity was normalized to membrane thickness to calculate a mass transfer 

coefficient. Molecular diffusion of a polymer in a dilute solution is modeled by the 

Stokes-Einstein formula (Equation 3.13): 

𝐷 =  
𝑘𝐵∗𝑇

6∗𝜋∗µ∗𝑅𝑒
       Equation 3.13 

where kB is the Boltzmann constant, T is temperature in Kelvins, µ is the solvent dynamic 

viscosity, and Re is the equivalent radius of the diffusing polymer. The Stokes-Einstein 

equation makes the assumption that diffusing molecules are non-reactive solid spheres 

and that any resistance experienced is due to frictional forces between solute and solvent 

molecules, so interaction between polyDADMAC and alginate is ignored. 

The equivalent radius of a polymer is  calculated using the root-mean-square 

radius of gyration (Rg) with Equation 3.14.67 Rg was estimated for polyDADMAC with a 

power rule from Figure 3.1. Rg is not constant and is a function of solution chemistry and 

polyelectrolyte concentration in the semi-dilute range;68 these effects are not considered 

in this estimation. 

𝑅𝑒 = 0.676 ∗ 〈𝑅𝑔
2〉0.5

       Equation 3.14 
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Figure 3.1.  Relationship between polyDADMAC radius of gyration and molecular 

weight in water using good solvent assumption;69 data are reproduced from literature.65,70 

Strictly speaking, very little diffusion of polyDADMAC should be observed. Pore 

sizes in alginate beads have been reported to range from 5 to 200 nm,71 while 

polyDADMAC is of comparable size (Rg = 39.3 nm). Actual pore sizes in membranous 

beads could be larger due to the simultaneous diffusion of polyDADMAC towards the 

bulk alginate solution as membrane formation is occurring.  

Using Equation 3.13, the calculated molecular diffusivity of polyDADMAC 

through an alginate hydrogel membrane is D = 8.07×10-8 cm2 s-1. This estimate ignores 

any empirical correction factor describing friction between bulky polymer chains and the 

sol-gel matrix. D is further converted into a mass transfer coefficient by normalizing to 

membrane thickness (Equations 3.1 and 3.2); however, l is a fitting parameter in many 

cases due to a hypothetical static-film layer.67 

3.2.4 Measurement of h 

The only parameter that cannot be directly measured in the batch experiments is 

the mass transfer coefficient. Mass transfer coefficients were determined by performing a 

nonlinear least-squares regression in Microsoft Excel using the solver add-on. Because 

Equation 3.12.2 was derived for the initial condition where no polymer was present in 

the bulk solution, successive sampling events after timepoint zero had to be converted to 
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a parallel state. The driving force for mass transfer in the system is the concentration 

gradient on either side of the alginate membrane, and at the beginning of an experiment, 

this was the internal bead polymer concentration. Subsequently, a pseudo-bead 

concentration was calculated which is mathematically equivalent to the state where no 

polymer was present in the bulk solution (Equation 3.15).  

𝐶𝑝𝑠𝑒𝑢𝑑𝑜
° =

[𝐶𝑏𝑒𝑎𝑑
° ∗(𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓+𝑉𝑏𝑒𝑎𝑑)−𝐶𝑏𝑢𝑙𝑘∗𝑉𝒓𝒆𝒂𝒄𝒕𝒐𝒓−𝑉𝒔𝒂𝒎𝒑𝒍𝒆∗∑ 𝐶𝑠𝑎𝑚𝑝𝑙𝑒]

𝑉𝑏𝑒𝑎𝑑
   Equation 3.15 

This equation accounts for the mass of polymer removed by sampling and converts the 

concentration gradient to the initial condition outlined in Equation 3.11. In Equation 

3.12.2, t was taken to be the total amount of time between subsequent sampling events. 

3.3 Materials and Methods 

3.3.1 Reagents 

Three laboratory-grade alginates were obtained from Chem-Impex Int’l (low 

viscosity), Alfa Aesar (low viscosity), and Sigma-Aldrich (medium viscosity). Calcium 

chloride dihydrate was obtained from Sigma-Aldrich. Aqueous polymers were Accepta 

4350 and 4351, Epi-DMA and polyDADMAC, respectively. 

3.3.2 Alginate Macrobead Synthesis 

Alginate beads were synthesized in a manner similar to Kotte and Yun63, where 

initial gelation occurred at the interior membrane surface and migrated outward. Alginate 

macrobead synthesis always followed the same basic procedure:  approximately 40 mL of 

polyDADMAC was amended with CaCl2·2H2O to achieve a Ca2+ concentration of 115 

mM. PolyDADMAC was measured gravimetrically and converted to volume, where 

ρpolyD = 1.085 g mL-1. The mixture was allowed to stir to homogeneity (uniform 

appearance) as CaCl2 was not completely soluble at that concentration. A Cole-Parmer 

7520-35 peristaltic pump equipped with a MasterFlex Easy-Load II pump head and 

Masterflex silicone tubing (ID = 1/8 in.) was used to draw 5 mL Ca2+-amended-polymer 

into a 5 mL pipet affixed to a ringstand. Flow direction was reversed and set to 0.12 

corresponding to 0.71 mL min-1. The polymer suspension was added dropwise to a 

sodium alginate solution of desired concentration dissolved in ultrapure water (typically 
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1.00% mass per volume). The sodium alginate solution was stirred at a velocity such that 

beads did not settle out. After extrusion of polymer, beads were allowed to stir for an 

additional 10 minutes in alginate. Beads were then strained, counted, and added to 100 

mL of 115 mM CaCl2. Beads were then allowed to cure overnight. Before transferring to 

experimental reactors, a 1-mL sample of bulk solution was taken with a micropipette to 

quantify the amount of polymer lost during this step via TOC. Beads were then 

transferred to batch reactors. This process was also repeated for EpiDMA encapsulation.  

To determine the exact amount of polymer added, alginate solution mass was 

measured both before and after dropwise addition of polymer. Additionally, the mass of 

CaCl2 solution was measured before and after addition of beads to determine the average 

mass of alginate present in each bead. 

3.3.2 Measurement of Macrobead Dimensions 

Batches of alginate beads were synthesized in triplicate using a gelling 

concentration 1.00% (mass/volume) alginate. Bead diameter was measured by aligning 

10 beads, measuring with a ruler, and taking the average of that number. This measure 

was repeated 18 times, where the final measurement associated with each batch had more 

or less than 10 beads (i.e. 5, 13, and 4 beads). Exceedingly small and deformed beads 

were excluded from the analysis. The average diameter for each of the 18 measurements 

was used to calculate individual bead membrane surface area and volume. The diameter 

measurement was only completed for low-viscosity 1.00% single-layer beads, but this 

measurement was considered representative of all experimental conditions. Visual 

inspection of beads did not indicate any experimental treatment caused excessive 

diameter change with the exception of four layers of alginate (see Section 3.4.3). Volume 

and surface area estimates were used in determining mass transfer coefficients (Equation 

3.12.2). 

Alginate hydrogel membrane thickness was also measured. To measure the 

thickness of the membrane, a batch of beads using 1.00% alginate was synthesized. After 

curing, the beads were strained, pierced with a needle, drained of polymer, and sliced in 

half using a razor blade. Membrane sections were oriented on a glass slide so the sliced 

edge was perpendicular to the microscope stage. Finally, membranes thickness of 13 
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beads were measured in optical units using the scale bar in a Fisher Stereomaster 

compound microscope and converted SI units.   

3.3.3 Batch Experiments 

Alginate beads were placed in 250 mL Erlenmeyer flasks containing 200-mL of 

ultrapure water. The number of beads contained in each reactor for each of the 

experimental treatments is found in the Appendix in Table A1. The flasks were capped 

with aluminum foil to prevent bulk solution evaporation. Batch reactors were placed on 

an orbital shaker at 70 rpm. The temperature was set to 20 °C, but there was no sub-

ambient cooler on the shaker table. It was possible that temperatures exceeded 20 °C 

which could influence mass transfer coefficients. The bulk solution in the reactors was 

sampled approximately bi-weekly, and the sample volume was not replaced as samples 

were taken. Volume change between sampling events due to reactor sampling is 

accounted for in mass transfer coefficient calculations. Three experimental treatments 

were applied to alginate beads. First gelling concentration of alginate was considered. 

Beads were synthesized using 0.75, 1.00, 1.25, and 1.50% alginate (mass/volume; Chem-

Impex Int’l). Beads containing EpiDMA were also synthesized using 1.00% alginate.  

Second, membrane thickness was evaluated. This was accomplished by adding 

additional layers of alginate through alternating immersions in alginate and 115 mM Ca2+ 

after the initial 10 min gelling step. One, two, three, and four layers of alginate were 

examined. After initial gelation in a 1.00% alginate solution (Chem-Impex Int’l), beads 

were only allowed to equilibrate for 10 min in CaCl2. At this point they were strained and 

added back into the alginate solution, approximately 15 beads at a time, and stirred for 30 

seconds. They were strained again and added to the CaCl2 bath. The process was repeated 

for as many coatings as were desired. After the final coating, beads were allowed to cure 

overnight in CaCl2. 

 Finally, three alginates of various viscosities from different chemical suppliers 

were compared. Two alginates of low viscosity and one of medium viscosity were 

considered. Low-viscosity beads gelled with a 1.00% alginate (Chem-Impex Int’l) were 

present in all three experiments (i.e. 1.00%, 1 layer, and medium viscosity). 
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TOC measurements were used for polymer analysis and verify experimental 

endpoints. These measurements were further converted to polyDADMAC concentrations 

using a linear regression (Appendix Fig A1). Details of TOC analysis are provided in 

Chapter 2 (Section 2.2.3).  

3.4 Results and Discussion 

3.4.1 Bead Synthesis and Dimensions 

 Alginate bead size is dictated by several factors. As polymer material is extruded, 

a droplet begins to form on the end of the extrusion apparatus (i.e. glass pipet). This bead 

will dislodge when gravitational forces overcome surface tension adhering the polymer to 

the pipet tip. If a wider nozzle is used, the bead may experience an additional downward 

force from the mass flow of material. Coaxial air can also be applied to the pipet tip to 

dislodge polymer and produce smaller beads. 

The material being encapsulated needs to be more viscous than the alginate 

solution it is being encapsulated in. Otherwise droplets may not penetrate the surface, and 

beads will not form. Likewise, the material must also be able to resist shear forces 

produced by the extremely viscous alginate solution during the initial moments of 

membrane formation. PolyDADMAC bead formation was observed under all 

experimental conditions but was not possible with EpiDMA. EpiDMA beads failed to 

develop a cohesive alginate membrane; when beads did form, they were not spherical. 

The viscosity adjuster carboxymethly cellulose has been used in L-cysteine solutions for 

similar encapsulation in alginate beads.63 Intrinsic viscosity measurements were not 

available for EpiDMA, so it is unclear whether lack of bead formation was due to 

viscosity effects. Assuming viscosity was not a barrier to EpiDMA encapsulation, 

successful encapsulation of polyDADMAC suggests a greater propensity for 

polyelectrolyte formation between alginate and polyDADMAC leading to greater 

membrane stabilization.  

The number of beads measured in batches 1, 2, and 3 were 45, 73, and 54, 

respectively. Beads that were punctured or excessively small (visual inspection) were not 

measured. Alginate beads were 0.81 ± 0.01 cm in diameter, had a surface area of 2.05 ± 
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0.05 cm2 bead-1, and a volume of 0.28 ± 0.01 cm3 bead-1. Bead membrane thickness is 

presented in Table 3.1 for three magnifications. 

Table 3.1 Alginate bead membrane thicknesses in µm as measured by compound light 

microscope 
Magnification Thickness 

µm 

4× 0.5 ± 0.1×102 

10× 0.5 ± 0.1×102 

40× 3.3 ± 0.7×101 

Measurements taken with the 4× and 10× objective were pooled (P = 0.715; α = 

0.05) and treated as the actual value due to their similarity. A final membrane thickness 

of 4.6 ± 0.7×101 µm was determined. Using the estimated molecular diffusivity D = 

8.07×10-8 cm2 s-1, a theoretical mass transfer coefficient was calculated for 

polyDADMAC of h = 6.3×10-2 cm hr-1 by normalizing to membrane thickness.  

3.4.2 Effect of Alginate Gelling Concentration 

Plots depicting measured and modeled mass transfer of polyDADMAC from 

alginate macrobeads are presented in Figures 3.2-3.5 corresponding to each of the gelling 

concentrations 0.75, 1.00, 1.25, and 1.50%, respectively. Although mass transfer plots 

herein show 95% confidence intervals based on determined mass transfer coefficients, 

individual reactors did not necessarily contain the same number of beads that were 

synthesized for a given batch. Some beads were considered sub-optimal (i.e. size or 

shape) or were lost during the gelation and curing period. Before gelation, however, each 

experiment began with 5.0 mL polyDADMAC. Because mass transfer is analogous to a 

first order reaction, bead exhaustion is expected to occur at the same time irrespective of 

bead number. Maximum reactor concentration, however, will be different. Additionally, 

the commercially-available polyDADMAC that was encapsulated was an aqueous 

solution (40% polymer). This dilution was not accounted for in this portion of the 

analysis, so actual maximum reactor and bead concentrations reflect commercially 

available polymer and not the pure substance. Mass transfer coefficients are expected to 

be unaffected. Bead exhaustion was observed after 1000 h. 
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Figure 3.2. Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with 0.75% alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals.  

 

Figure 3.3.  Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with 1.00% alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 
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Figure 3.4.  Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with 1.25% alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 

 

Figure 3.5.  Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with 1.50% alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 
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concentration in all reactors. There was little variation between measured values. Certain 

data points were omitted from the analysis. These data points either fell outside of model-

predicted 95% confidence intervals or Solver was unable to converge on a solution with 

their inclusion. In the event of an omitted data point, and for simplicity of analysis, it was 

replaced with the mean of the two surrounding data points. Concentrations were not 

interpolated to weight for the exact time the sample would have been taken. In the event a 

data point was omitted, the original curve (TOC data) is included in the Appendix (Figs 

A2-A7) for 0.75, 1.00, 1.25, and 1.50%, respectively, where omitted points are indicated 

by open circles.  

Table 3.2. Mass transfer coefficients determined as function of alginate gelling 

concentration from batch experiments. 

Gelling Concentration 

(% mass/volume) 

h  

(cm hr-1) 

R2 

Figs 4.3-4.6 

0.75 0.23 ± 0.7×10-3 0.88 

1.00 0.30 ± 0.3×10-3 0.95 

1.25 0.20 ± 0.1×10-3 0.86 

1.50 0.30 ± 0.2×10-3 0.99 

 

 

Fig 3.6.  Comparison of mass transfer coefficients determined from batch reactors for 

four different alginate synthesis concentrations.  
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Model saturation concentrations, Cº
bead (Equation 3.12.2), were determined by 

considering the average (rounded to nearest integer) number of beads in a reactor and 

multiplying by the determined mass of polymer present in an individual bead. Mass 

transfer predictions were also completed in a stepwise fashion to account for the reactor 

volume change and sample removal observed in batch experiments. Based on R2 values, 

model predictions agree well with experimental observations (Table 3.2). 

The mass of polyDADMAC contained in beads from each of the synthesis 

concentrations (0.75, 1.00, 1.25, and 1.50%) was 3.0 ± 0.6×101, 3.4 ± 0.6×101, 0.3 ± 

0.7×101, and 3.0 ± 0.1×101 mg bead-1, respectively. A maximum mass of polyDADMAC 

was observed in beads from the 1.00% experiment. This observation is explained in two 

ways. First, it is possible that the 0.75% and 1.25% reactors did not reach complete 

equilibrium before the experiment ended (Figs 3.2 and 3.4), and final mass estimations 

were based on the assumption that reactors had reached equilibrium. Second, it is also 

possible that the 1.25% and 1.50% reactors experienced greater shear forces during the 

initial gelation step due to a greater concentration of viscous alginate causing more loss 

of polyDADMAC to the bulk alginate solution.  

No significant linear correlation was observed between initial alginate 

concentration and mass transfer coefficient (R2 = 0.09; plot not shown). Experiments 

containing 0.75 and 1.25% alginate gelling concentration were conducted after those 

containing 1.00 and 1.50% alginate gelling concentration and were characterized by 

lower mass transfer coefficients and narrower 95% confidence intervals. Fewer beads 

were also included in the later experiments. In these cases, it is likely that fewer numbers 

of weaker beads survived the gelling process resulting in a greater percentage of 

mechanically stable beads and lower mass transfer coefficients.  

The high concentration of cationic polymer initially observed in beads could 

contribute to conformational changes and compression of polymer chains due to 

intermolecular polymer-polymer electrostatic effects and contribute to osmotic flows 

originating in the bulk solution. Initial polymer concentration within beads, 

approximately 5% by mass accounting for dilution by solvent in starting material, is in 

the semi-dilute range. C* is a variable describing overlap concentration (Equation 3.16), 
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the point at which a volume is completely filled with polymer spheres. Below this 

concentration, polymer solutions are considered dilute, and above it they are considered 

semi-dilute. In a dilute solution, polymer chains are less likely to interact (assuming they 

are dissolved in a good solvent) and occupy a characteristic volume, and in a semi-dilute 

solution, the chains begin to enmesh with one another.  

𝐶∗ =  
3∗𝑀𝑊

4∗𝜋∗𝑅𝑔
3∗𝑁𝐴

      Equation 3.16 

C* was calculated as 2.29×10-3 g mL-1 or approximately 0.23% by mass. Other 

experimental observations of polyDADMAC indicate C* values of 7 and 1% for MWs of 

14,500 and 500,000 Da, respectively.65 Because water is a good solvent for 

polyDADMAC, it is expected to hydrate polymer chains, inducing relaxation and 

expansion, leading to increased bead swelling and decreased membrane stability.  

Visible swelling was observed in beads at each concentration likely due to greater 

hydration of the sol-gel and osmotic flow to bead interiors caused by a highly non-ideal 

internal polymer environment. Changes in bead volume and membrane area were not 

considered in mass transfer coefficients determination. Likewise, several instances of 

sharp increases in concentration were observed (Fig 3.2 Reactor A and Fig 3.5 Reactor 

B). This type of release could be due to osmotic stresses inducing alginate bead 

expansion and subsequent bead failure or burst, causing rapid release of polymeric 

coagulant. This release profile is also present in Reactor A in Figure 3.4 but is not as 

sharp and appears more sigmoidal. Bead failure is not catastrophic in sigmoidal release. 

Mass transfer begins at a distinct rate, failure occurs, and then a new equilibrium is 

obtained.  

Convective polymer flow via outward diffusion allows the alginate system to be 

seen chromatographically. A high concentration of polymer enters the sol-gel network 

and equilibrium between the stationary and fluid phase is obtained. Rather than a 

reduction in bead volume, the countercurrent osmotic flow allows for a reduction of 

polymer concentration within the gel network. Again there is a push for equilibrium 

between the stationary and fluid phase, so stationary phase polymer is slowly released. In 
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this way a partition coefficient (Eqation 3.1) slows mass transfer. The mass transfer 

coefficient determined in beads synthesized with 1.00% alginate (h = 0.3 ± 0.3 ×10-3 cm 

hr-1) is approximately 188 times smaller than the theoretically calculated value, h = 

6.3×10-2. This large discrepancy between theoretical and measured values could be 

considered the partition coefficient between the aqueous and solid phases (Equation 3.1; 

-log K = 2.27 L kg-1), and supports a hypothesis of reversible polyelectrolyte 

complexation between polyDADMAC and the sol-gel. Even if nanopores were widened 

during sol-gel formation, significant retardation of polymer release should be observed, 

especially if polyelectrolyte complexation is expected.  

3.4.3 Effect of Multiple Alginate Immersions 

 Due to expansion of alginate beads, it was necessary to reduce reactor volume in 

the four-layer alginate experiment from 200 to 180 mL. Change in bead surface area was 

not considered because it was assumed that the inner-most layer of alginate is similar to 

that of those examined in 1% alginate portion of the experiment. It was assumed that 

additional immersions in alginate solution did not influence this inner-most layer.  

 Again, data points were excluded from analysis if they existed outside of 95% 

confidence intervals or if solver was unable to converge on a solution. These points are 

indicated in the original mass transfer plots in the Appendix (Figures A8-A15). Mass 

transfer coefficients were determined from the data contained in Figures 3.7-3.10 for 

one, two, three, and four layers of alginate, respectively. Again, R2 values (Table 3.3) 

indicate good agreement between determined h and observed bulk reactor concentrations. 
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Figure 3.7.  Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with one layer of alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 

 Reactors A and B (Fig 3.7) exhibited retarded polyDADMAC release compared 

to Reactor C until approximately 600 hours when bead failure was observed. Individual 

reactor mass transfer coefficients were h = 1.9, 1.9 and 3.2×10-4 cm hr-1 for Reactors A, 

B, and C, respectively. Because Reactors A and B had a different release profile and 

smaller mass transfer coefficients, bead failure may have occurred immediately in 

Reactor C. Obvious pulsatile release was never observed, because even after bead failure, 

mass transfer is still a first-order process characterized by a larger h.  
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Figure 3.8.  Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with two layers of alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 

 Critical bead failure occurred in Reactor B (Fig 3.8) at the onset of the experiment 

causing immediate release of approximately half of the beads’ polymeric contents. This 

was also observed in Reactor C to a slightly lesser extent with an additional pulse at 600 

hours. However, failure was not observed in Reactor A until approximately 750 hours; 

upward concavity indicates that the release rate increased until failure occurred.  

 In Figure 3.9, bead nearly-critical failure was observed in all reactors at 

approximately 700 hours, and the release profiles were nearly identical. In Figure 3.10, 

no obvious failure occurred. 

Mass transfer coefficients determined for multiple immersions in alginate are 

presented in Table 3.3; and graphical comparisons of h can be seen in Fig 3.11. The 

highest rate of mass transfer was observed in the two-layer reactor, while the slowest was 

in the three-layer reactor. R2 is the correlation between determined h and bulk reactor 

concentration in all reactors, and Cº
bead (Equation 3.12.2) was calculated in the same 

manner as section 3.4.1.  
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Figure 3.9. Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with three layers of alginate. The solid lines represent 

model predictions, and dashed lines represent 95% confidence intervals. 

  

Figure 3.10. Symbols represent bulk polyDADMAC levels in triplicate reactors 

containing beads synthesized with four layers of alginate. The solid lines represent model 

predictions, and dashed lines represent 95% confidence intervals. 
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Table 3.3. Mass transfer coefficients determined from batch reactors as a function of 

number of alginate layers. 

Layers 

 

h  

(cm hr-1) 

R2 

Figures 4.8-4.11 

1 2.0 ± 0.2×10-4 0.8331 

2 2.9 ± 0.9×10-4 0.7349 

3 1.6 ± 0.4×10-4 0.8412 

4 1.9 ± 0.6×10-4 0.8698 

 

  

Fig 3.11. Comparison of mass transfer coefficients determined from experiments using 

multiple alginate layers. 
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same as other experimental treatments. Transfer of beads from the Ca2+ bath to the 

alginate solution will slow down kinetics of membrane formation, because the only 

source of divalent cations is now at the center of beads rather than additionally in the bulk 

solution. There is a large polyDADMAC concentration gradient across the-partially 

formed membrane, which offers less resistance than if it were completely gelled, 

allowing for more transport of polymer outside of the bead. This explanation, however, 

cannot account for the large loss in polymer mass observed in three and four immersions 

when the additional alginate immersions were only 30 s. 

After the onset of the experiment, swelling of the outer layers was observed 

accompanied by the development of an interstitial space between layers of alginate. 

Although an interstitial space developed between the inner-most and second layer, 

multiple interstitial spaces were not observed in the three- and four-layer experiments. 

The decrease in mass transfer between two layers and both three and four layers indicates 

additional accumulation of alginate with extra immersions. 

3.4.3 Effect of Alginate Type 

 Researchers have shown that alginates extracted from different algae have 

different physicochemical properties. Alginates different ratios of G- and M-blocks and 

different lengths of repeating polymer units. Interestingly, it has been shown in several 

instances that diffusion can increase with a greater proportion G-units, while the opposite 

is expected due to a greater gelling propensity.56 Three types of alginate were considered, 

two low-viscosity alginates from different chemical suppliers and one medium-viscosity 

from a third. 

 For direct comparison, all alginate hydrogel membranes were synthesized at 

1.00% alginate gelling concentration. It was not possible to synthesize beads with the low 

viscosity alginate obtained from Alfa Aeser. Although bead formation was observed, 

excessive bead rupture was observed during the straining step of synthesis indicating a 

low mechanical strength of these beads. No further analysis of this alginate was 

considered. 

The number of beads included in this experiment was greater than those of other 

experiments giving a slight difference in reaction conditions. It is possible that a new 
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pipet used in synthesis had a slightly different diameter contributing to a greater number 

of smaller beads. Again, data points were excluded from analysis if they existed outside 

of 95% confidence intervals or if solver was unable to converge on a solution. Mass 

transfer coefficients were determined from the data contained in Figures 3.12 and 3.13 

for, respectively. Again, R2 values (Table 3.4) indicate good agreement between 

determined h and observed bulk reactor concentrations. 

 

 
Fig 3.12. Symbols represent bulk polyDADMAC levels in duplicate reactors containing 

beads synthesized with Chem-Impex Int’l low-viscosity alginate. The solid lines 

represent model predictions, and dashed lines represent 95% confidence intervals. 

 No lower 95% confidence limit is presented in Figure 3.12, because the 

corresponding h value was negative and has no physical meaning. Bead exhaustion was 

exhibited at approximately 500 and 700 h in beads synthesized with Chem-Impex and 

Sigma-Aldrich alginate, respectively. Bead exhaustion wasn’t observed with Chem-

Impex alginate until 1000 and 700 hours in the comparable case of the gelling 

concentration and layered experiments, respectively, indicating the likelihood that beads 

were sub-optimum, especially since immediate failure was observed in several reactors 

(data not shown).     
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Figure 3.13. Triplicate Symbols represent bulk polyDADMAC levels in quadruplicate 

reactors containing beads synthesized with Sigma-Aldrich medium-viscosity alginate. 

The solid lines represent model predictions, and dashed lines represent 95% confidence 

intervals. 

Due to the smooth sigmoidal nature of mass transfer from Reactor B and C 

(Figure 3.13), data points between 200 and 400 hours were not excluded from analysis, 

because this profile is likely related to continuous release rather than instrumental or 

sampling error. Sigmoidal release profiles could mean that osmotic stresses overcame 

membrane tensile strength, and bead rupture was observed. A sigmoidal release profile 

was observed in all four reactors, so this type of release may be intrinsic to the Sigma-

Aldrich alginate.   

 Experimentally determined mass transfer coefficients are presented in Table 3.4, 

and a graphical representation is presented in Figure 3.14. Due to excessive bead failure 

in the Chem-Impex Int’l reactor, only two reactors were considered resulting in large 

95% confidence intervals. For this reason, mass transfer coefficients from the two 

experimental treatments were indistinguishable (P = 0.065; α = 0.05). R2 is the 

correlation between determined h and bulk reactor concentration in all reactors, and Cº
bead 

(Equation 3.12.2) was calculated in the same manner as section 3.4.1. 

Table 3.4. Mass transfer coefficients determined from batch reactors as a function of the 

type of alginate used in bead synthesis. 

0

3000

6000

9000

12000

15000

0 200 400 600 800 1000

p
o

ly
D

A
D

M
A

C
 (

m
g 

L-1
)

Time (h)

Reactor A

Reactor B

Reactor C

Reactor D

Predicted



 

 44 

Alginate 

 

h  

(cm hr-1) 

R2 

Figures 4.13-4.14 

Chem-Impex 3.0 ± 0.4×10-4 0.9243 

Sigma-Aldrich 2.0 ± 0.7×10-4 0.7939 

 

  
Figure 3.14. Comparison of mass transfer coefficients determined from experiments 

using alginates from different chemical suppliers. 

3.4.4 Optimization of Polymer Release 

Early diffusion experiments using traditionally-gelled microcapsules 

demonstrated that low molecular weight (MW < 2×104 Da) substrates were able to 

diffuse freely into microcapsules, and model predictions based on molecular diffusivities 

agreed well with experimental observations.72 Large MW molecules, however, (i.e. MW 

> 6.5×104 Da) exhibited retardation when diffusing from the same beads.72 The 

polyDADMAC used here has a MW five times larger than the molecular masses where 

retardation was observed in previous experiments, so it is not surprising that significant 

retardation of polyDADMAC mass transfer was exhibited. Resistance to mass transfer 

was likely a combination of two factors, large polymer size compared to sol-gel pore size 

(5-200 nm)71 and polyelectrolyte complexation between polyDADMAC and alginate. 

The highly non-ideal nature of the polymer environment within beads likely induced 

osmotic flows originating in the bulk solution causing swelling. 
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Swelling phenomena in alginates have been mitigated by introduction of 

additional stabilizing agents (e.g. polycations) via polyelectrolyte complexation.73 The 

polycation chitosan has been used to coat alginate microbeads, providing a secondary-

outer membrane imparting greater mechanical stability.74 As discussed, polyDADMAC is 

a polycation, so stabilization may have already occurred. If a second cationic polymer 

were introduced to the system, repulsive electrostatic forces would likely be observed 

between the two polymers preventing any greater stabilization. Chitosan, covalently 

crosslinked by glutaraldehyde bridges, has also been used to strengthen alginate 

membranes more than simple complexation would provide.75  

Reduction of bead swelling by polyelectrolyte complexation also imparts 

additional strength to membranes. Greater mechanical stability of alginate microbeads 

using poly-L-lysine (PLL) coatings has been demonstrated. The amino group on lysine is 

typically protonated at environmental pHs.76 Thu et al. conducted burst assays to assess 

the mechanical stability of alginate microcapsules with PLL coatings by monitoring 

osmotically-induced bead bursting as a function of time. It was found that increasing both 

bead exposure time to PLL and PLL concentration in the immersion bath decreased the 

ratio of burst to intact beads and therefore increased bead mechanical stability. After an 

hour, no rupture was detected when beads were coated with 0.05% w/v 15,000 Da PLL at 

a 5-min exposure time.56 The length of batch experiments in sections 3.4.2-3.4.4 were all 

in excess of 500 hours. In long term stability experiments Thu et al. demonstrated that 

only 6-8% of blue dextran (a glucose polymer) diffused out of microcapsules coated with 

0.05% w/v 18,000 Da PLL at 10-minute exposure time after 6 weeks which is a similar 

exposure time to the batch experiments from sections 3.4.2-3.4.4.73     

By preventing volume change through decreased membrane elasticity, bead 

rupture can be prevented, but pulsatile release at preprogrammed times could be used as a 

potential time-release mechanism for encapsulated materials. An alginate bead will burst 

when osmotic stresses overcome surface tension in the elastic membrane. Kikuchi et al. 

showed that 2.4 mm microcapsules containing 145k Da dextran synthesized using 

different alginate gelling concentrations (1, 2, 3, and 4% by weight) are characterized by 

similar pulsatile release profiles, but increased gelling concentration caused an increase in 
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the lag time before microcapsule burst was exhibited. Lag time increased from 

approximately 45 minutes to 200 minutes over the concentration range examined. 

Bursting was induced by addition of phosphate-buffered saline solution which is a strong 

chelator for Ca2+ ions.77 Kikuchi et al.’s results indicate that gradient bursting could be 

programmed into a macrobead system by introducing beads synthesized with different 

membrane concentrations; however, this hypothesis is not supported by this experiment 

(i.e. section 3.4.2). Similar mass transfer profiles were observed in beads of each gelling 

concentration in this experiments (i.e. section 3.4.2), and bursting was also observed. 

Conversely, not all reactors exhibited bursting, and beads synthesized using a higher 

alginate gelling concentration failed before those synthesized with a lower concentration. 

No differentiation between h could be made when gelling concentration was 

considered. Thicker alginate membranes may retard release, but more work is necessary 

to verify this. Likewise, favorable results were obtained by varying alginate composition 

(type) as a means to tune mass transfer. Bead bursting was observed in all experiments, 

but lag time before burst appeared to increase with membrane thickness between one and 

three layers and also when the alginate composition was changed.   

For polymer-containing alginate macrobeads to become a relevant in situ 

remediation technology, the lifespan of beads needs to be increased. This could be 

achieved by increasing bead size and should be investigated further. Greater membrane 

stabilization should be investigated as a means to prevent pulsatile release and prolong 

mass transfer at lower rates. A secondary stabilizing material should not be characterized 

by a repulsive interaction with the encapsulated polymer, and pore sizes must be larger 

than polymer molecules. If alginate pores are larger than pores in the secondary coating, 

additional resistance to mass transfer will be experienced. Condensation of hydrolyzed 

silica should be investigated to increase the mechanical strength of beads. The Si-O-Si 

sol-gel is inert and pore size can be controlled between 10 and 360 nm.78 A similar 

scheme should be investigated to determine if a differential pulsatile release can be 

achieved by creating pores smaller than polymer molecules and varying silica membrane 

thickness so that osmotic rupture is observed in different beads at different times.  
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Chapter 4:  Enhanced Sorption of Perfluoroalkyl Acids in Groundwater 

Environments After Amendment with Water Treatment Polymer 

4.1 Introduction 

Given the negative surface character of most sediments due to an abundance of 

phenolic and deprotonated carboxylate moieties,44 it is likely that electrostatic repulsion 

would be experienced by PFAS molecules. It is hypothesized that an electronegative 

sediment surface can be modified to make it more amenable to PFAS sorption. Greater 

PFAS sorption has been demonstrated in the presence of sediments treated with cationic 

detergents.50 The organic polymer polydiallyldimethylammonium chloride 

(polyDADMAC) is a common water treatment polymer used in the destabilization of 

suspended colloids. Due to the presence of a quaternary amine, polyDADMAC could be 

used as a surface modifier and sorption enhancer. Ideally polymer will be released to the 

subsurface environment via a controlled release mechanism (see Chapter 2 and 3) at a 

rate similar to PFAS release. 

To determine the effectiveness of polyDADMAC as a sorption enhancer, and to 

elucidate a possible removal mechanism, a loss-on-ignition study was carried out on 

samples taken from an Ottawa sand column preloaded with polymer originating from 

alginate beads. PolyDADMAC is approximately 59% carbon, so it was necessary to 

determine whether increased sorption was attributable to increases in system carbon 

alone or electrostatic (i.e. coulombic) effects as well. The total system carbon in control 

and experimental samples were used to convert measured Kd values determined in batch 

experiments to Koc values.   

4.2 Materials and Methods 

4.2.1 Reagents   

Alginate was from Chem-Impex Int’l. Aqueous polyDADMAC was obtained from 

Accepta (4351). Sodium bicarbonate and CaCl2·2H2O were from Sigma-Aldrich. Ottawa 

sand was obtained from our collaborators at Tufts University. The PFASs PFOS, PFOA, 

and perfluorononanoic acid (PFNA) were obtained from Wellington Laboratories; 

internal standards were from Cambridge Isotope Laboratories. 
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4.2.2 Experimental Design 

Ottawa sand was sieved between 40 and 60 mesh. The fractioned sand was 

suspended in ultrapure water by swirling in a 150-mL beaker and poured into a 2.5×33-

cm column. The column was filled in 2-3 cm increments and occasionally tapped to 

promote sediment packing. When water approached the top of the column, the valve was 

opened, and the water was allowed to drain (but never below the level of sand). This 

process was repeated until the sand was within approximately 0.5 cm of the top of the 

column. The column cap was then replaced. 

A second 2.5×8-cm column was filled with approximately 75 1.00% alginate 

macrobeads (synthesis described in section 3.3.2) containing approximately 12% 

commercially-available polyDADMAC and placed upstream of the Ottawa sand column. 

The two columns were connected with approximately 6-cm of Tygon tubing (1/16 ID). 

Synthetic groundwater (3 mM CaCl2 and 6 mM NaHCO3 pH=7.0) was supplied to the 

bead column at a flowrate of 0.042 mL min-1 to simulate the groundwater chemistry and 

velocity at Tinker Airforce Base. Aqueous polymer from the bead column effluent 

adsorbed onto Ottawa sand surfaces. Column effluent samples were collected on a 

fraction collector every 4.8 hours. A conceptual model for the experimental design is 

presented in Figure 4.1. Loading of polyDADMAC onto the sand was ended after 172.8 

hours. 

After bead exhaustion, the column was drained and divided into 13 separate 20-g 

samples. The samples were oven-dried overnight at 100 ºC to determine residual moisture 

content of the sand. Residual moisture content was measured gravimetrically and 

considered the difference between wet and dry sediment mass. Samples were 

subsequently placed in a muffle furnace at 550 ºC for 4 hours do determine organic 

material (OM) content; OM was considered the difference in mass of the samples before 

and after combustion at 550°C. Five controls, consisting of clean (no polymer 

amendment) dry 40-60 mesh Ottawa sand, were analyzed to determine the native OM 

content. 
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Fig 4.1 Conceptual model of the process used to load Ottawa sand with polyDADMAC. 

Because the aqueous phase of the column still contained polymer after sediment-

loading, it was necessary to estimate the mass of polymer remaining in the pores when 

the column was emptied. The system was considered in two ways: 

1) All of the polyDADMAC left the column upon draining except that which was 

associated with residual moisture adhered to the sand 

2) All of the polyDADMAC present in the pores adhered to sediment grains when 

the column was drained 

Final polyDADMAC retention to sediment surfaces was considered the difference 

between OM measured on Ottawa sand and the summation of native OM on Ottawa sand 

and polymer dissolved in residual moisture after the column was drained. The organic 

carbon-water partition coefficient, Koc, of three PFASs (PFOS, PFOA, and PFNA) were 

determined by normalizing the sediment-water partition coefficient, Kd, (slope of 

Appendix Figs A16-A18) to the fraction organic carbon, foc, in the system. The mass of 

OM in the control samples was corrected for organic carbon, OC, using the empirical 

formula C10H19O3N describing an OC source;79 likewise, the determined retention of 

polyDAMAC was corrected for OC using the monomer formula, C8H16N
+ Cl-.  
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Batch PFAS sorption experiments were conducted by Yousof Aly and Dan 

McInnis (University of Minnesota School of Public Health). Stock solutions of the 

perfluoroalkyl acids PFOS, PFOA, and PFNA were made in methanol and spiked into 

10-mL RO water HDPE centrifuge tubes at six concentrations between 10 and 100 ng 

mL-1. The tubes were amended with 5 g Ottawa sand and shaken on a Model 75 Burnell 

Wrist Action Shaker for 24 hours on setting 10. Sorbed concentrations were considered 

the difference in aqueous PFAS mass before and after equilibration. Assuming a true 

partitioning process, Kd values were calculated with a linear regression in Microsoft 

Excel by plotting sorbed verses aqueous phase concentration and setting the intercept to 

zero. Sorption kinetics were not observed; due to the impermeable nature of Ottawa sand, 

however, it is believed that adequate time was provided for sorption equilibrium.    

4.2.3 Instrumental Analysis 

Aqueous PFAS concentrations were measured in triplicate by HPLC/MS using a 

Hewlett Packard 1050 HPLC coupled with a Hewlett Packard 1100 MSD operated with 

an electrospray ionization source. Sample volume was 1-mL, and samples were amended 

with 20 µL of isotopically labeled PFAS at 5µg mL-1. Flow was 0.2 mL min-1 with 5 µL 

injected onto a BetaSil C18 column. The flowpath also included and a BetaSil C18 guard 

column. The mobile phase contained 2 mM ammonium acetate. The A solvent was 90:10 

(H2O:MeOH), and the B solvent was 100% MeOH. The program began at 22% B and 

was ramped to 67% B over 3 minutes, held for 1 min, ramped to 100% B over 4 minutes, 

held for 7 minutes, brought back to 22% B over 5 minutes, and held for an additional 5 

minutes. Total runtime was 25 minutes. 

PFAS concentrations were calculated using the relative response from a standard 

solution spiked with an internal standard.  

Final aqueous polymer concentration was determined via TOC analysis (Section 

2.2.3) in the sample taken at 172.8 hours. 

4.3 Results and Discussion 

Because the column was wet packed, the mass of Ottawa sand used was estimated 

at the end of the experiment and based on the average amount of moisture lost by the 

sand after oven-drying overnight at 100°C. Porosity was estimated as 0.418 using the 
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calculated mass of dry sand and ρsilica = 2.65 g cm-1. After correcting for porosity, a final 

linear velocity of 29.5 cm day-1 was determined 

The foc determined for Ottawa sand was 0.025 ± 0.001%. Final polyDADMAC 

retention by Ottawa sand is presented in Table 4.1. It is assumed that the Ottawa sand 

was already saturated with polymer after bead exposure, so it is believed that Method 1 

more accurately reflects polyDADMAC retention. 

Table 4.1. Final PolyDADMAC masses retained by Ottawa sand after loading by 

alginate beads; data are normalized to dry sediment weight. 

 Method 1 
mg g-1 

 
± 

Method 2 
mg g-1 

 
± 

Column 0.3358 0.0001 0.3358 0.0001 

Control 0.25 0.01 0.25 0.01 

Aqueous 0.0211 0.0003 0.0093 0.0002 

Final 0.06 0.02 0.07 0.01 

 

Koc values calculated for experimental samples amended with polyDADMAC 

were greater than control samples indicating the likelihood of an electrostatic effect 

between the quaternary amine groups on polyDADMAC and either electronegative 

fluorine atoms or the acidic headgroup on the PFASs (Fig 4.2). If partitioning into the 

organic phase was the only retention mechanism, Koc values should have remained 

constant, because retention is normalized to system organic carbon. 
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Figure 4.2. Comparison of Koc values calculated for PFASs retained on Ottawa sand with 

and without sorption enhancer present. 

Johnson et al. reported higher Kd values describing PFOS sorption onto Ottawa 

sand than were observed here (i.e. Kd = 2.81 and 0.0749 L kg-1 for the Johnson et al. and 

current experiment, respectively). The initial concentration range of PFOS examined in 

their experiment extended as high as 8 mg L-1, and it was believed that monolayer 

coverage was achieved. Maximum initial PFOS concentrations here were only 0.1 mg L-

1, and the isotherm was linear (R2 = 0.887). To explain the increased Kd value, it is 

possible that hemi-micelle formation occurred in the Johnson et al. experiment allowing 

for increased sorption of PFOS by association of fluorocarbon tails. According to 

Schwarzenbach et al., hemi-micelle formation begins at concentrations between 0.001 

and 0.01 of the critical micelle concentration of a surfactant,11 and PFOS hemi-micelle 

formation is believed to begin occurring at 4.573 mg L-1.6 

When Kd values are normalized to foc, similar Koc values to those published by 

Higgins and Luthy38 are obtained for both PFOS and PFOA (Fig 4.3). Contrary to their 

observations,36 however, in this experiment slightly less sorption of PFNA was observed 

than PFOA. Model predictions by Goss et al. indicate additional CF2 moieties contribute 

0.6 log units to distribution coefficients partitioning between humic acid (i.e. OC) and 

water.32 Similar Koc values for PFOS and PFOA were reported by Ferrey et al.39 in 
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microcosms simulating sandy aquifer systems containing very little OC (foc reported 

between 0.026-0.038%).   

Even though greater partitioning of perfluorosulfonic acids than 

perfluorocarboxylic acids are expected, the same types of intermolecular interactions are 

thought to affect both molecules. Similar, but slightly greater, partitioning of the 6-carbon 

perfluorohexane sulfonate (PFHxS) compared to PFOS was observed on 

montmorillonite, kaolinite, and hematite.80 Given the low foc of Ottawa sand and similar 

PFOS and PFOA sorption to that predicted by literature Koc values, significantly less 

PFNA retention could indicate the importance of a different retention mechanism for this 

species. Zhao et al. showed much greater sorption hysteresis for PFHxS than PFOS on 

extracted humic substances. This was explained by PFHxS molecules diffusing into 

humic substance pores subsequently inducing pore collapse. It was postulated that the 

PFOS molecules were too large to fit into the pore network, so only reversible-surficial 

sorption was observed.41 Due to the similarity between literature (experiments conducted 

on sediments having a much greater foc)
38 and measured Koc values in both PFOS and 

PFOA, it is believed that phase partitioning was observed. Although PFNA and PFOS 

have the same number of fluorinated carbon atoms, a stronger interaction between 

protonated OC moieties and the PFOS headgroup may explain why only surficial 

adsorption of PFNA and absorption of PFOS was observed. Further, the larger molecular 

volume of PFNA than PFOA (eight fluorinated carbons versus seven) can help explain 

the why phase partitioning of PFOA and not PFNA was observed.  
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Fig 4.3. Comparison of literature38 and measured Koc values with no sorption enhancer 

present. 

 It was demonstrated that the addition of sorption enhancer increased sorption in 

Ottawa sand beyond that which can be explained by system organic carbon and 

hydrophobic effects alone. Different retention processes might explain why less PFNA 

retention was observed than PFOS and PFOA (i.e. adsorption rather than absorption). 

Regardless of partitioning mechanism, adsorption of PFNA still increased with the 

addition of sorption enhancer. These results indicate that polyDADMAC is a good choice 

for a substrate used to enhance sorption of PFASs.  
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Chapter 5:  Perfluorochemical Sequestration in a Simulated Groundwater 

Environment using polyDADMAC 

5.1 Introduction 

Column experiments were conducted to elucidate polymer-filled alginate bead 

behavior in a dynamic environment and to quantify sorptive enhancement effects of 

polyDADMAC for PFOS under these conditions. Columns were used to simultaneously 

evaluate the behavior of alginate macrobeads and PFOS transport potential. First, alginate 

beads were assessed alone. Second, alginate beads were used to load columns containing 

Ottawa sand with polyDADMAC, and PFOS was introduced to monitor sorption 

enhancement potential. Experiments concerning polymer both pre- and simultaneously 

loaded were conducted. Finally, PFOS was introduced to columns where beads were used 

to preload sediments excavated from Tinker Airforce Base. 

5.2 Materials and Methods  

5.2.1 Reagents 

 NaCl was obtained from Malinckrodt, and NaBr was from Baker Analytics. 

Perfluorooctane sulfonate K+ salt was purchased from Wellington Laboratories; internal 

standard was from Cambridge Isotope Laboratories, Inc. Low-viscosity alginate was 

obtained from Chem-Impex Int’l. NaHCO3 was from Sigma-Aldrich, and Na2CO3 was 

from Fisher. Ottawa sand was from our collaborators at Tufts University. 

5.2.2 Alginate Bead Behavior 

In triplicate, a 2.5×8-cm column was filled with 1.00% alginate macrobeads with 

internal polyDADMAC concentrations of 12% weight/volume (bead synthesis described 

in section 3.3.2). Synthetic groundwater containing 3 mM CaCl2 and 6 mM NaHCO3 at 

pH = 7.0 was supplied to the column at a flowrate of 0.042 mL min-1 via an LS Class 

chromatography piston pump (Scientific Systems Inc.), to simulate conditions at Tinker 

Airforce Base. Mass transfer from alginate beads was monitored via TOC measurement 

in the column effluent. Samples (10 mL) were collected every 4.8 hours in glass 

scintillation vials. Pore volumes were calculated theoretically using the dimensions of the 

column, number of beads contained in each column, and the average diameter of an 
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alginate bead. Columns B, C, and D contained 77, 74, and 81 beads and had pore 

volumes of 17, 18, and 16 mL, respectively.   

5.2.3 Ottawa Sand Columns 

Sediment columns measuring 2.5×13 cm were filled at 1-cm intervals with dry 

Ottawa sand. The columns were then vibrated with a vortex mixer (Lab-line Mistral 

Mixer), and the sediment was compressed with a glass vial narrow enough to fit inside of 

the column opening. This process was repeated until substrate was within approximately 

0.5 cm from the top of the column. Glass wool was placed on top of the sand, the column 

cap was replaced, and a cylinder containing medical grade carbon dioxide (Matheson Tri-

Gas) was connected to the column influent at a flowrate between 5 and 10 standard ft3 hr-

1 for 15 minutes. After 15 minutes, the column influent was attached to an LS Class 

chromatography piston pump (Scientific Systems Inc.), and a 10 mM NaCl background 

electrolyte was pumped into the column at 0.25 mL min-1. The columns were flushed for 

a total of three pore volumes. The CO2 dissolved into the aqueous phase eliminating any 

air pockets creating a completely saturated sediment column. 

Tracer tests were used to evaluate column effective porosity and dispersion. 

Dispersion coefficients, D, were determined with a nonlinear least-squares regression in 

Microsoft Excel using the solution to the advection dispersion reaction equation 

presented by Runkel.81 Effective porosities were determined both as a fitted parameter in 

the advection dispersion reaction equation and also by multiplying pump flowrate by the 

amount of time (determined by linear interpolation) where the concentration of a tracer 

equaled one half of the influent concentration and normalizing to column volume. 

After the tracer test, a 2.5×8-cm column was filled with 1.00% alginate 

macrobeads with internal polyDADMAC concentrations of 12% weight/volume (bead 

synthesis described in section 4.3.2), and the bead column was further filled with 

background electrolyte and capped. Background electrolyte was diverted through the 

bead column at a flowrate of 0.05 mL min-1 and introduced to Ottawa Sand when no 

more air bubbles appeared in the bead effluent. The two columns were connected with 

approximately 6-cm of Tygon tubing (ID = 1/8 in). Two experimental treatments were 

considered.  
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First, an Ottawa sand column was preloaded with polyDADMAC until beads 

were exhausted. The feed solution contained 10 mM NaCl. During this period, flow was 

set to 0.05 mL min-1 to minimize osmotic stresses in beads, and loading lasted 5.6 days. 

After bead exhaustion, the bead column was removed, and a feed solution containing 10 

mM NaCl and 1,000 µg L-1 PFOS was introduced to the Ottawa sand column. Samples of 

measured polyDADMAC (5 mL) and PFOS (10 mL) were collected in borosilicate test 

tubes using a Bio-rad 2110 fraction collector. This experiment was completed in 

duplicate, once with PFOS loading at 0.25 mL min-1 and again at 0.12 mL min-1. Second, 

the Ottawa sand was simultaneously loaded with polymer from alginate beads and PFOS. 

In this case, the feed solution contained 10 mM NaCl and 1,000 µg L-1 PFOS, and the 

feed solution traveled both through the bead and Ottawa sand column. To prevent 

additional stresses on alginate beads, flow was kept constant at 0.05 mL min-1 for the 

duration of the experiment; due to decreased PFAS flow and fraction collector 

limitations, only 5-mL samples could be collected using the fraction collector.   

Carbonate feed solutions were changed from those representing onsite conditions 

at Tinker Airforce Base in section 5.2.2 to one containing only 10 mM NaCl in sections 

5.2.3 and 5.2.4, because a white precipitate was observed in samples collected in 

preliminary experiments. Flowrate was also increased to 0.05 mL min-1 due to fraction 

collector limitations so that a 5-mL sample could be collected.  

5.2.4 Tinker Airforce Base Columns 

 Two sediment columns measuring 2.5×13 cm were filled using the same methods 

described in section 5.2.3 except with unfractioned soil excavated from Tinker Airforce 

Base, Oklahoma City, OK, a site with known PFAS contamination. Polymer was also 

introduced using the same method. One column was amended with polyDADMAC via 

alginate beads while the second column was treated as a control. Feed solution through 

the alginate bead column was 10 mM NaCl introduced at 0.05 mL min-1. After bead 

exhaustion (5.6 days), the feed solution of the experimental column was switched to a 10 

mM NaCl solution containing 1,000 µg L-1 PFOS, and flowrate was increased to 0.12 mL 

min-1. Feed solution to the control column always contained 10 mM NaCl solution and 

1,000 µg L-1 PFOS; likewise, flowrate was 0.12 mL min-1.  
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5.2.5 Instrumental Analysis 

 Ion concentrations in tracer tests were determined via ion chromatography on a 

Metrohm 930 Compact IC Flex ion chromatograph equipped with a Metrohm 919 IC 

autosampler. The flowpath included a 0.2 µm membrane filter, an in-line filter, a 

Metrosep RP2 Guard/3.5 guard column, and a Metrosep A Supp 5-150/4.0 column. NaCl 

and NaBr were used as calibration standards. Sample injection volume was 20 µL, 

flowrate was 0.2 mL min-1, eluent was a made with 1.0 mM NaHCO3 and 3.2 mM 

Na2CO3, and detection was completed via conductivity. The suppressor column was 

regenerated using 0.5 M H2SO4. Only one injection per sample was conducted. 

 PFOS concentration was determined by HPLC/MS as discussed in section 4.2.3, 

and aqueous polymer concentration was monitored via TOC measurements as discussed 

in Section 2.2.3. 

5.3 Results and Discussion  

5.3.1 Alginate Bead Behavior 

Integrated effluent polymer mass was 1.839, 1.927, and 2.147 g in columns B, C, 

and D, respectively. Individual alginate beads contained 2.5 ± 0.3×101 mg 

polyDADMAC. This mass is smaller than was determined in Chapter 4 (i.e. macrobead 

optimization). The experiment ran approximately 200 hours until beads were completely 

exhausted. Figure 5.1 only contains approximately 100 hours of data, because at long 

times, effluent concentrations were significantly lower than those observed within the 

first five pore volumes. Because linear velocities were approximately double those 

expected at Tinker Air Force Base, it is likely that actual polymer distribution profiles 

would broaden given higher reactor concentrations and less transmembrane osmotic 

pressure. 
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Figure 5.1.  PolyDADMAC concentration at bead column effluent (no sand column was 

present) plotted as a function of bead column pore volume. 

6.3.2 Adsorption on Ottawa Sand 

Due to instrument contamination issues, it was not possible to analyze samples for 

PFOS content at this time. Samples have been archived for analysis in the future. The 

following discussion concerns column dynamics and polyDADMAC adsorption to 

Ottawa sand. 

Dispersion coefficients determine for the Preload I, II, and Simultaneous 

experiments were 4.0, 5.0, and 2.8×10-3 cm min-1, respectively. Porosities were 0.44, 

0.45, and 0.46, respectively. Tracer tests and D determination plots are presented in the 

Appendix (Figs A19-A27). 

Figure 5.2 illustrates breakthrough of polyDADMAC on Ottawa sand for three 

experiments. Loading conditions were the same in Preload I and II (10 mM NaCl), but in 

Simultaneous, the feed solution contained an additional 1 mg L-1 PFOS. At 

approximately 8 pore volumes in Preload I, there was an unexplained increase in 

polyDADMAC concentration. Beads from the Preload I, II, and Simultaneous 

experiments contained 37.80, 30.04, and 27.17 mg, respectively. These values are similar 

to those determined in Chapter 4 (e.g. 30 ± 6 mg bead-1 for 1.00% beads when examining 

effect of gelling concentration). Similarity in the mass of polymer contained in alginate 
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beads in both batch and column experiments indicates retention polyDADMAC on 

Ottawa sand is unquantifiable using this method. This result was also observed in Chapter 

5 (i.e. loss on ignition) where polyDADMAC retention on Ottawa sand was calculated as 

0.7 ± 0.1×10-1 mg g-1. The relative increase of polymer encapsulated in the Preload I 

experiment could be due to the inexplicable increases in polyDADMAC concentration 

observed in the second half of Figure 5.2. 

 

Figure 5.2. Breakthrough curve of polyDADMAC onto Ottawa sand in three columns. 

5.3.3 Adsorption on Tinker Airforce Base Soil 

Column dispersity was similar to that observed on Ottawa sand and was measured 

as D = 4.3×10-3 cm min-1 in the experimental. Porosity was 0.51.  

Figure 5.3 compares breakthrough of polyDADMAC on Tinker soil and Ottawa 

sand. Concentration was plotted as a function of time rather than pore volume for direct 

comparison of Ottawa sand and Tinker breakthrough curves. In this way, the Tinker 

breakthrough curve could be subtracted from the average Ottawa sand curve for a direct 

calculation of adsorbed polyDADMAC. Based on subtraction of breakthrough curves, it 

was determined that 1.30 g of polymer was retained. Because the calibration curve 

describing the relationship between TOC measurements and polyDADMAC 

concentration was created for commercially available polyDADMAC (Appendix Fig. 
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A1), it was necessary to account for the manufacturer’s aqueous dilution (i.e. 40% by 

mass). An actual polymer retention of 0.522 g was determined. Batch sorption 

experiments (Appendix Fig. A27) predict 2.17 times greater polymer retention, 1.13 g. 

Some deviation between batch and column experiments could be attributed variation in 

the amount of polymer actually encapsulated in an alginate bead. The combined 

uncertainty from all 1.00% single-layer batch experiments is ± 3 mg polymer bead-1 

which scales to approximately 0.225 g in a full column of beads. 

 

Figure 5.3. Average breakthrough of polyDADMAC onto Ottawa sand compared to 

Tinker Soil to determine total mass of retained polymer. Ottawa sand values obtained 

from breakthrough curves (Appendix Figure A28) by calculating mean polyDADMAC 

concentration at each timepoint. 

 Batch experiments are equilibrium partitioning systems, so to make direct 

comparison with the column experiments, it needs to be assumed that polyDADMAC 

exhibits fast adsorption kinetics and sorption hysteresis onto the substrate. The column 

phase ratio, β (volume ratio of stationary to mobile phase), was β = 9.797 × 10-1, and the 

batch volume fraction, φ (volume ratio of substrate to aqueous phase), was φ = 0.9992 × 

10-1. Assuming a similar particle size distribution, there were 9.8 times greater density of 

sorption in column experiments. β calculations are likely correct, because the column 
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pore volume with the tracer test was nearly identical to that determined gravimetrically 

(35.40 and 35.40 mL), so it is possible that some of these sites are inaccessible.    

Slow sorption kinetics can also help explain discrepancies between polymer 

retention in column and batch experiments. Polymer breakthrough occurred on Tinker 

soil and Ottawa sand over 0.71 and 0.66 ± 0.02 pore volumes, respectively. Very little 

polymer retention was observed on Ottawa sand, and similar breakthrough times suggest 

that little sorption was occurring in the Tinker column at this point. Lower effluent 

polymer concentrations, however, were observed in the Tinker soil column than in the 

Ottawa sand column after 100 h (Fig 5.3). It is possible that easily-accessible polymer 

sorption sites were occupied first, and any sorption occurring after 100 h is onto sites that 

are difficult to access.    

Volume ratios imply partitioning via complete phase changes (i.e. dissolution) 

which is extremely unlikely for polyDADMAC since Rg = 39.3 nm. β and φ can, 

however, be used as proxies for substrate contact points (i.e. β = 0.9797 and φ = 

0.09992). There is an equal volume of stationary and mobile phase in the column but 

significantly less substrate in the batch experiment. Due to a greater number of substrate-

substrate contact points in the column, fewer surficial binding sites are accessible to a 

bulky polymer molecule. Cationic polymers will also experience energetically 

unfavorable repulsive interactions at high concentrations, possibly making access to 

undesirable sorption sites even more difficult. Batch sediments were exposed to a 

maximum polymer concentration of 0.04% while column sediments were exposed to as 

much as 1.2%. 
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Chapter 6:  Conclusions 

 This study has explored a possible PFAS remediation strategy using the common 

water treatment polymers polyDADMAC and EpiDMA as sediment sorption enhancers. 

A unique encapsulation technique was explored in an attempt to tune the release of these 

compounds to match transport rates of contaminants in subsurface environments. 

 Commercially available surgical implant osmotic pumps were used as a proof of 

concept to demonstrate that controlled-release of reagent is possible without ongoing 

maintenance, oversight, or energy expenditure. In general, the pumps behaved as 

expected. It was ultimately decided that the use of these pumps in a remediation scenario 

is cost prohibitive but that the technology could possibly be scaled to be a feasible option.   

 Alginate was explored as a cheaper alternative to osmotic pumps as an 

encapsulation media for the water treatment polymers. Thin-membrane macrobeads 

containing polyDADMAC were synthesized; EpiDMA, however, could not be 

encapsulated. Three experimental treatments were used to tune polyDADMAC mass 

transfer from the beads. Alginate gelling concentration, membrane thickness, and 

membrane composition were explored. Bead rupture was observed in each experimental 

treatment. It was found that no mass transfer differentiation could be made between beads 

gelled with different concentrations of alginate. Increasing alginate membrane thickness 

possibly slowed mass transfer and also lag time before burst was observed. Varying 

membrane composition by using alginate from another chemical supplier also showed 

promising results for manipulating mass transfer. Comparing theoretical calculations to 

experimental results suggests that polyelectrolyte complexation between alginate and 

polyDADMAC is occurring or that additional resistance to mass transfer is occurring due 

to similar alginate pore size and polymer effective radius. It could be possible to use 

alginate beads in a controlled-release manner, but greater membrane stabilization is 

required to prevent bead rupture and to prolong bead longevity. Silica should be 

examined as an additional stabilizing material to accomplish this. 

 Loss on ignition was used as a tool to elucidate PFAS removal mechanism when 

Ottawa sand surfaces are modified with polyDADMAC. Very little polymer retention on 

Ottawa sand was calculated. It was found that increases in sorption demonstrated by three 



 

 64 

PFASs could not be explained by increases in system organic carbon alone, so coulombic 

forces were likely present. When Koc values were calculated for the PFASs, they agreed 

well with literature values except for the case of PFNA. This result likely indicates the 

importance of organic matter in the Ottawa sand system even though little organic matter 

was present. 

 Finally, columns were used to assess the performance and stability of alginate 

macrobeads containing polyDADMAC in a simulated subsurface environment. The 

transport potential of PFOS was also examined in conjunction with alginate beads. At this 

time, it was not possible to analyze samples for PFOS content, so they have been 

archived for later analysis. In the column environments, it was found that bead 

exhaustion occurred completely after approximately 200 hours but relevant 

concentrations were only released for 100 hours. Again, very little polyDADMAC 

retention was observed on Ottawa sand. Less retention of polyDADMAC was observed 

on soil excavated from Tinker Air Force Base than was indicated by batch experiments. 

This observation is likely explained by steric inaccessibility to certain binding sites or 

kinetic barriers to accessing restricted sites. 

This work is important because it demonstrates a novel approach to PFAS 

remediation via sequestration enhancement. It also lays out the framework for further 

development of an inexpensive and novel controlled-release mechanism which can be 

tuned to release reagents to the subsurface environment in a remediation scenario. Beads 

can be deployed in a manner similar to a permeable reactive barrier. Unlike large-

footprint granular activated carbon towers, remediation can occur in situ without bringing 

contaminants to the surface. This limits the probability of human exposure and frees land 

surface for continued use.  

Because many types of compounds can be encapsulated using this technique, thin-

membrane alginate beads have applications beyond PFAS remediation and could be 

employed where larger volumes of compound are needed than could be provided by 

typical microbeads. 
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Figure A1. Organic carbon-polyDADMAC relationship. The data was collected by Dan 

Mcinnis and used to convert TOC measurements into polyDADMAC concentrations. 

 

 

Table A1. Number of alginate macrobeads included in each reactor. 
Treatment Reactor: A B C 

Percent 0.75% 59 50 57 

 1.00% 76 76 76 

 1.25% 62 67 51 

 1.50% 76 76 76 

Immersions 1 75 74 76 

 2 76 74 77 

 3 80 86 79 

 4 85 81 84 

Type Low    

 Med (I)     

 Med (II)    
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Fig A2. Reactor A; 1.00% alginate gelling concentrations. Data points are bulk TOC 

concentrations as a function of reaction time. Open circle indicates original data point. 

 
Fig A3. Reactor B; 1.00% alginate gelling concentrations. Data points are bulk TOC 

concentrations as a function of reaction time. Open circle indicates original data point. 
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Fig A4. Reactor C; 1.00% alginate gelling concentration. Data points are bulk TOC 

concentrations as a function of reaction time. Open circle indicates original data point. 

 
Fig A5. Reactor A; 1.25% alginate gelling concentration. Data points are bulk TOC 

concentrations as a function of reaction time. Open circle indicates original data point. 
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Fig A6. Reactor C; 1.25% alginate gelling concentration – sample missing at 900 h. Data 

points are bulk TOC concentrations as a function of reaction time. 

 
Fig A7. Reactor C; 1.50% alginate gelling concentration. Data points are bulk TOC 

concentrations as a function of reaction time. Open circle indicates original data point. 
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Fig A8. Reactor A; single layer alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circles indicates original data point. 

 

 
Fig A9. Reactor B; single layer alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circle indicates original data point. 
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Fig A10. Reactor C; singlelayer alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circle indicates original data point. 

 
Fig A11. Reactor A; two layers alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circle indicates original data point. 
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Fig A12. Reactor B; two layers alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circle indicates original data point. 

 
Fig A13. Reactor C; three layers alginate. Data points are bulk TOC concentrations as a 

function of reaction time. Open circle indicates original data point. 
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Fig A14. Reactor A; four layers alginate – sample lost at 1500 h. Data points are bulk 

TOC concentrations as a function of reaction time.  

 
Fig A15. Reactor B; four layers alginate – sample lost at 1500 h. Data points are bulk 

TOC concentrations as a function of reaction time. 
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Fig A16. PFOS sorption to Ottawa sand with and without sorption enhancer; Data 

collected by Dan McInnis and Yousof Aly. 

 

 

 
Fig A17. PFOA sorption to Ottawa sand with and without sorption enhancer; Data 

collected by Dan McInnis and Yousof Aly. 
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Fig A18. PFNA sorption to Ottawa sand with and without sorption enhancer; Data 

collected by Dan McInnis and Yousof Aly.  

 
Fig A19. Tracer test for preloaded Ottawa sand column with fast sorption. Circles are 

background electrolyte, and triangles are tracer. 
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Fig A20. Determination of dispersion coefficient. Fast sorption onto Ottawa sand 

experiment; circles are measured data and line is fit. 

 
Fig A21. Tracer test for simultaneous Ottawa sand column. Circles are background 

electrolyte, and triangles are tracer. 
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Fig A22. Determination of dispersion coefficient for simultaneous loading experiment; 

circles are measured data and line is fit. 

 
Fig A23. Tracer test for preloaded Ottawa sand column with slow sorption. Circles are 

background electrolyte, and triangles are tracer. 
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Fig A24. Determination of dispersion coefficient for slow sorption of PFOS to preloaded 

Ottawa sand; circles are measured data and line is fit. 

 
Fig A25. Tracer test for preloaded Tinker Soil column. Circles are background 

electrolyte, and triangles are tracer. 
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Fig A26. Determination of dispersion coefficient for Tinker soil column; circles are 

measured data and line is fit. 

 
Fig A27. Sorption isotherm describing polyDADMAC retention on Tinker soil; data 

collected by Dan McInnis and Yousof Aly. 
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Fig A28. Breakthrough curves of polyDADMAC generated by mass transfer out of 

alginate beads; average of these data was used to generate Figure 5.3. 
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