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ABSTRACT 

The challenge of safe drinking water lies at the nexus of population growth, climate 

change, and environmental degradation due to pollution. To ensure potable water within the 

foreseeable future, robust, sustainable, and effective water treatment systems are essential. 

Managed aquifer recharge (MAR), including riverbank filtration (RBF) and artificial 

recharge and recovery (ARR), offers an effective and promising means for providing safe 

drinking water. However, in order to reduce the physical footprint of these installations, an 

improved performance for removal of key constituents, including chemicals of emerging 

concerns (CECs) is needed.  

The objectives of this study were to determine the role of sorption to clays in CEC 

removal during MAR, identify the effect of biodegradable dissolved organic carbon (BDOC) 

and its relationship with redox states on CEC attenuation, and determine how a sequence of 

optimal conditions can improve CEC removal in full-scale MAR. These objectives were 

achieved through a combination of bench-, laboratory-, and field-scale experiments. BDOC 

is both a driver of microbial diversity and redox state, and therefore is an essential parameter 

affecting MAR performance. The results suggest that an oxic, low-BDOC (<0.5 mg/L 

BDOC) environment seems to be optimal for CEC-removal performance. Under suboxic 

conditions, a low-BDOC environment is more efficient than a high-BDOC (>2 mg/L BDOC) 

environment. A low-end threshold has been observed, where too little dissolved organic 

carbon (<0.26 mg/L DOC) is present to promote effective CEC attenuation. In addition, clays 

were shown to effectively sorb a variety of CECs. In combination, these results provide 

valuable insight that will allow design of performance-enhanced MAR systems such as 

hybrid RBF/ARR schemes. 
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Chapter 1. INTRODUCTION 

Historically, water supplies have been procured from pristine sources to meet 

growing municipal demand. However, in the last few decades, development of pristine water 

supplies and storage has tapered (NRC, 2012). Exacerbating the issue, population densities 

have also shifted towards more-arid regions such as the Southwestern United States (US). In 

order to meet demand for potable supply in spite of water scarcity and climate change, 

resource managers have had to seek out new, sustainable and reliable sources. Indirect 

potable reuse (IPR), the planned incorporation of highly-treated, reclaimed water into potable 

water supplies, provides an opportunity to augment supplies without increasing demand on or 

developing new pristine sources. IPR differs from direct potable reuse by the addition of an 

environmental buffer, where reclaimed water is blended and diluted into surface water or 

groundwater. For the final customer, the most apparent benefit of an environmental buffer is 

the perception of a severed connection between wastewater and drinking water. For this 

reason, environmental buffers are often considered essential for public acceptance of IPR. 

Besides blending, which dilutes reclaimed water, these buffers provide retention time, 

offering opportunities for operators to respond to water quality changes, and notably: 

attenuation of chemical and microbiological contaminants (Drewes and Khan, 2010).  

The water quality benefits of environmental buffers enable natural systems to be 

engineered as treatment steps, with the ultimate goal being a natural unit process. Managed 

aquifer recharge (MAR), including riverbank filtration (RBF) and artificial recharge and 

recovery (ARR), have been in use for decades in the US and for over 100 years in Europe to 

improve water quality (Sharma and Amy, 2011). However, with the detection of 

contaminants of emerging concern (CECs) such as pharmaceuticals, personal care products, 
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and agricultural and industrial chemicals in potable supplies, there is renewed interest in the 

ability of MAR to degrade waterborne contaminants. Research on these systems shows that 

contaminant attenuation during MAR is primarily due to biotransformation and that removal 

efficiency is a function of redox state (Wiese et al., 2011) and dissolved organic carbon 

(DOC) availability and makeup (Hoppe-Jones, 2012; Li et al., 2012, 2013).  If MAR systems 

are engineered to exploit the varying effects of these controlling parameters, efficiency could 

be substantially improved, resulting in a smaller footprint or improved yield. Because of the 

large surface area required in the case of surface infiltration, a major improvement in 

efficiency could prove critical for widespread incorporation of MAR systems in water 

treatment.  

 The goal of this study was to identify and evaluate boundary conditions and key 

factors (i.e., primary substrate, redox conditions, sorption effects) dictating CEC removal in 

MAR systems, providing valuable insight which could be used for an optimized and more 

informed MAR design. To this end, the goal was distilled down to three central questions (Q) 

and corresponding hypotheses (H):  

Q1 - What is the role of organic carbon (primary substrate) makeup and availability in the 

bioattenuation of CECs during MAR? 

H1. Limiting the availability of biodegradable dissolved organic carbon (BDOC) 

to create “carbon-starving” conditions in the subsurface will improve the removal 

kinetics of CECs. 

Q2 - How does sorption to soil components such as clays affect the removal of moderately 

biodegradable and recalcitrant compounds? 
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H2. Certain CECs will sorb effectively to clays at neutral pH. 

Q3 - How can the processes stated above be exploited to maximize the CEC removal 

efficiency of MAR systems? 

H3. Sequential redox zonation during MAR will improve attenuation of 

moderately biodegradable CECs. 

These hypotheses were tested during simulated aquifer recharge in laboratory-scale soil 

column systems at Colorado School of Mines and validated through investigations at a full-

scale MAR site in Colorado during the summer and fall of 2012. The results from these 

investigations are presented and discussed. 
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Chapter 2. MAR BACKGROUND 

The boundary conditions of environmental buffers and resulting water quality 

improvements can enable natural systems to be engineered much like treatment plants. The 

overarching goal is an “engineered” natural unit process, for it can be designed to achieve 

predictable water quality improvements. MAR can provide groundwater augmentation, 

additional water treatment and storage following wastewater treatment, and may be used to 

counter the negative effects of declining groundwater (i.e., saltwater intrusion, land 

subsidence, increased pumping costs, and reduced stream flows) (Sharma and Amy, 2011). 

Further, groundwater storage can be preferable to surface storage as the former avoids 

potential issues regarding algal blooms and subsequent odor or toxins, and prevents 

evaporative losses (US EPA, 2004). MAR is achieved through RBF, surface spreading, 

vadose-zone injection, and direct injection into a potable aquifer. In surface-infiltrating MAR 

systems, alluvium and sandy aquifer material act as biologically-active filtration media, 

providing sorption, dilution, and metabolic attenuation of contaminants which may not occur 

during direct injection (Sharma and Amy, 2011; Hiscock et al., 2002).  

Direct injection (as applied in aquifer storage and recovery) involves pumping 

groundwater directly into an aquifer, and is most-suitable for confined aquifers which cannot 

be recharged through infiltration or where hydrogeologic conditions are unsuitable for 

surface infiltration (Sharma and Amy, 2011). As direct injection bypasses subsurface 

infiltration and reclaimed water may be directly incorporated into a potable aquifer, water 

must be fully-treated to potable quality before injection. High-pressure pumping also uses 

more energy than surface spreading, and direct injection operational costs are therefore 

increased (US EPA, 2004). At the interface between the subsurface media and the injection 
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well, rapid infiltration rates may quickly exhaust the filtration capacity of the media for 

suspended solids, further stressing the need for fine treatment before injection (Sharma and 

Amy, 2010).  

In surface infiltration and vadose-zone injection, the subsurface acts as an in-situ 

biofilm reactor, offering a multi-objective treatment process in the context of IPR. Infiltration 

through the subsurface provides total organic carbon (TOC), nitrate, CEC reduction, and 

pathogen attenuation while minimizing system maintenance and energy costs (NRC, 2012; 

Hiscock et al., 2002; Hoppe-Jones et al., 2010). While dilution reduces immediate impacts of 

reclaimed water and reduces the concentration of individual chemical contaminants, the most 

important mechanism for CEC attenuation is biotransformation (Drewes at al., 2009). 

Important factors affecting CEC removal kinetics include BDOC makeup and availability, 

adaptation of the microbial community, redox conditions in the subsurface, and retention 

time (Hoppe-Jones et al., 2012; Rauch-Williams et al., 2010; Laws et al., 2011; Wiese et al., 

2011). 

2.1 Water Quality 

The quality of applied water is a major controlling factor for the design of MAR 

systems, as source water quality affects clogging, surface water issues such as algal blooms, 

and can contain harmful contaminants such as pathogens and CECs. Municipal wastewater, 

industrial or agricultural wastewater, and storm water are of different qualities due to their 

various sources. Urban storm water runoff contains metals such as Cd, Cr, Cu, Fe, Ni, Pb, 

and Zn from vehicle brakes and tires, and also contains salts from de-icing, organic and 

inorganic solids, poly-aromatic hydrocarbons and phenols from asphalt pavement (Sansalone 

and Buchberger, 1997). According to the United States Environmental Protection Agency 
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(US EPA), agriculture is the leading source of impairment to rivers and streams in the US 

(US EPA, 2004), contributing major loads of nutrients, pesticides, and pathogens to surface 

waters. Source waters associated with treated municipal wastewater contain a variety of 

enteric pathogens (i.e., viruses, bacteria, and eukaryotic pathogens) and their occurrence 

depends on the quality of untreated wastewater, the level and type of treatment employed, 

and the regulatory requirements involved (Asano et al., 2007). CEC residues are also present 

in municipal wastewater (i.e., Ternes, 1998; Kolpin et al., 2002). Municipal wastewater 

typically features an increase in total dissolved solids (TDS) of 150 to 350 mg/L (Asano et 

al., 2007) and can create salinity issues when local water cycles are closed (Drewes and 

Khan, 2011). Due to increasing water scarcity, IPR of municipal wastewater is becoming 

increasingly attractive as an alternative source of drinking water in spite of its quality (NRC, 

2012). Surface-infiltrating MAR with treated municipal wastewater and effluent-impacted 

water sources is therefore the focus of water quality improvement in this investigation. 

2.1.1 Bulk Parameters  

The composition of organic matter present in wastewater-impacted sources is highly 

variable and a function of the degree of wastewater treatment (i.e., conventional treatment vs. 

advanced treatment) (Drewes and Fox, 1999). In general, effluent-impacted waters are 

characterized by easily-degradable DOC, consisting of proteinaceous and fulvic-like material 

(Laws et al., 2011). Other typical parameters of effluent-impacted waters include elevated 

nitrate concentrations if nitrification/denitrification are not performed, and neutral to slightly-

alkaline pH values (Drewes and Khan, 2011). In MAR systems, BDOC is quickly attenuated, 

leaving more recalcitrant, humic-like DOC (Drewes et al., 2006; Laws et al., 2011). 

Ultraviolet (UV) absorbance at 254 nm (UV254) is a measure of the aromaticity of organic 
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carbon within a sample and can be correlated to the DOC concentration using a parameter 

known as specific UV absorbance (SUVA), which is the DOC-normalized UV254 (eq. 2.1). 

                   
       

   

            
                                           (2.1) 

 UV254 can provide a quick, cheap, and effective estimate of DOC when an average 

SUVA is known, and SUVA can also be used to speak to the character of organic matter 

within a sample (Edzwald, 2010; Drewes et al., 2008). For example, as organic carbon is 

attenuated during subsurface passage, UV254 will decrease, indicating DOC removal, while 

SUVA may increase, indicating compositional changes towards a more aromatic nature of 

the carbon still present (Laws et al., 2011). Other parameters such as nitrate (NO3
-
), ammonia 

(NH4), dissolved oxygen (DO), and dissolved manganese (Mn) can be used together as 

surrogates to categorize the redox state of a recharge system as either oxic or anoxic 

(Christensen et al., 2000).  

2.1.2 Contaminants of Emerging Concern 

The first major reconnaissance of wastewater-derived CECs in the United States was 

performed by the US Geological Survey, which found a plethora of compounds present in 

US surface waters (Kolpin et al., 2002). These chemicals include industrial chemicals, 

pesticides, pharmaceuticals, personal care products, plasticizers, and chlorinated flame 

retardants. Conventional water and wastewater treatment facilities are limited in their 

removal efficiency of CECs, allowing the compounds to persist into rivers and lakes, as well 

as into finished drinking water (NRC, 2012). Compounds that survive wastewater treatment 

are typically polar and are structurally resistant to enzymatic attack (Drewes and Kahn, 

2011). The immense variety of compounds likely present in effluent-impacted waters 
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prevents economically feasible monitoring of all CECs in treated wastewater. For this reason, 

surrogate parameters and chemical indicators representing broader classes of compounds 

with similar degradability and behavior in the environment are attractive for assessing MAR 

performance (Drewes et al., 2011). Surrogates measure quantifiable change in bulk 

parameters that may be used to evaluate the performance of individual unit processes and 

operations responsible for CEC removal. Indicator compounds are selected based on their 

ubiquitous presence in wastewater, detectability, and physicochemical properties, so that 

their removal should represent attenuation of other known and unknown compounds with 

similar physicochemical properties (Drewes et al., 2008). These qualities are selected for 

rather than health relevance, because the purpose of indicators is to measure treatment 

performance (Salverson et al., 2012). Table 2.1 describes the thirteen indicator compounds 

used in this study as well as relevant physicochemical parameters. 

Table 2.1: Selected indicators and relevant physicochemical parameters. pKa is the negative 

log of the acid dissociation constant, KOW is the octanol-water partition coefficient, and log 

DOW is the octanol-water distribution coefficient for ionizable compounds. LOD = limit of 

detection of analytical method, N/A = data not available. 

Compound Use pKa 
Charge 
(pH 7) Log Kow Log Dow 

LOD 
(ng/L) 

Atenolol Beta-blocker 9.6 1 0.16 -2.44 10 

Caffeine Stimulant 10.4 0 -0.07 -0.07 10 

Carbamazepine Anticonvulsant 14 0 2.45 2.45 25 

DEET Insect Repellent N/A 0 2.18 2.18 25 

Diclofenac Anti-Inflammatory 4.15 -1 4.51 1.66 10 

Gemfibrozil Lipid Regulator 4.5 -1 4.77 2.27 10 

Iopromide X-ray Contrast Media N/A 0 -2.33 -2.33 25 

Naproxen Anti-Inflammatory 4.15 -1 3.18 0.33 10 

Primidone Anticonvulsant 11.5 0 0.91 0.91 25 

Sulfamethoxazole Antibiotic 5.6 -1 0.89 -0.53 5 

TCEP Flame Retardant N/A 0 1.44 1.44 10 

TCPP Flame Retardant N/A 0 2.59 2.59 25 

Trimethoprim Antibiotic 7.1 1 0.91 0.54 10 
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2.2 Regulations Concerning MAR 

Regulatory requirements in MAR schemes are aimed towards potential health effects 

of pathogens, chemical contaminants, and potential environmental effects (i.e., nutrients 

causing oxygen depletion). These regulations may differ from traditional drinking water 

standards by recognizing that the quality of source water in MAR schemes may contain a 

wider range of chemical and microbiological contaminants (Drewes and Khan, 2011). 

2.2.1 National Regulations  

In the US, wastewater discharges are federally regulated by the Clean Water Act and 

federal drinking water standards are set by the Safe Drinking Water Act. The US EPA 

provides guidelines for water reuse (US EPA, 2004) and process design guidelines for land 

treatment of municipal wastewater (US EPA, 2006). However, specific federal standards 

regarding potable reuse do not currently exist and are delegated to individual states to 

regulate. Australia published Phase 2 of the Australian Guidelines for Water Recycling 

(AGWR) in 2008, specifically addressing IPR. These guidelines add to the 2006 Phase 1 of 

AGWR, which concerns non-potable water reuse. Phase 2 includes MAR-specific guidelines 

providing a management framework for hazard identification, prevention, and response. 

Phase 2 of the AGWR is the first nation-wide guideline for IPR in the world, but officially 

leaves adoption of the guidelines and regulatory standards up to the Australian states 

(Environmental Protection and Heritage Council, 2008). 

2.2.2 State-level Regulations in the United States 

State-level regulations in the US are variable in scope and requirements, and are 

categorized by minimum retention times or setback distances for wells. These categories are 
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somewhat analogous, both acknowledging that treatment is related to the time spent or 

distance traveled through the subsurface and both ultimately aiming to set minimum levels of 

treatment. Both Florida and Washington have imposed minimum horizontal setback limits 

between reclaimed water infiltration zones and recovery wells of 150 m and 1520 m, 

respectively (FDEP, 2006; Washington DOHC, 1997).  

The California Department of Public Health’s (CDPH) 2011 draft regulations for 

groundwater replenishment and reuse regulate MAR for IPR in several ways previously 

unseen in this industry. The proposed requirements differ depending on application type (i.e., 

surface spreading or direct injection) and whether or not “full advanced treatment” is 

performed, and include removal of regulated organic contaminants as well as indicator 

compounds indicating the presence of compounds with similar properties, an approach 

adapted from Drewes et al. (2008). TOC is also regulated to 0.5 mg/L divided by recycled 

water content. The CDPH 2011 draft requirement for maximum allowable total nitrogen is 10 

mg/L, and retention time is required to never be less than two months (CDPH, 2011). Actual 

required retention time in this case is dynamic and is a function of demonstrated response 

time and sufficient log-removal of enteric pathogens as credited by the regulations. In order 

to meet existing regulations and determine effective regulations in the future, knowledge of 

the processes governing chemical removal efficiency during MAR is essential. 

2.3 Attenuation Mechanisms during MAR 

CEC removal during MAR results primarily from sorption and biotransformation. 

These removal mechanisms vary in importance depending on the compound in question, 

subsurface conditions, and the water quality applied. 



 

 

11 

 

2.3.1 Sorption of Organic Contaminants during MAR 

Sorption, the association of compounds with solid phases, is an important chemical-

removal process in environmental systems. Sorption generally occurs between a compound 

and organic molecules/macromolecules and between a compound and mineral surfaces 

(Schwarzenbach et al., 2003). Because soil and subsurface media are heterogeneous mixtures 

of clay/mineral surfaces and organic matter, multiple sorption processes may occur 

simultaneously (Luthy et al., 1997). 

Linear sorption, described by a linear sorption isotherm, assumes an infinite number 

of sorptive sites with equal energies and is a useful tool for determining a solid-water 

distribution coefficient (Kd) for a given sorbent and sorbate. Linear sorption can be assumed 

for most non-polar compounds, sorption to wet mineral surfaces, amorphous organic matter, 

and also for very low sorbate concentrations relative to the amount of sorbent (Luthy et al., 

1997; Schwarzenbach et al., 2003). From a linear isotherm, a Kd value can be determined 

from the slope. The Kd can then be used to estimate concentrations in the solid phase (Cs) if 

the liquid phase concentration (Cw) is known (eq. 2.2): 

    
  

  
                                                     (2.2) 

Caution must be taken when using Kd, as the coefficient is specific to a sorbate, sorbent, and 

only holds if sorption is linear. A Freundlich isotherm can be used to assess the linearity of 

an empirical relationship derived from data: 

        
                                                  (2.3) 
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where Kf is the dimensionless Freundlich constant and n is the Freundlich exponent, which 

serves as a fitting parameter. A linear isotherm will have n close to 1, and the Freundlich 

parameters can be used to estimate error. Once a sorption isotherm has been determined, 

sorption to natural organic matter can be estimated if the fraction of solids that is organic 

carbon (foc) is known (eq. 2.4). 

    
                       

                     
                                     (2.4) 

The organic carbon normalized sorption coefficient Koc can then be calculated, along with 

the concentration of a compound that is sorbed to organic carbon (Coc), assuming organic 

matter is the dominant sorbent (eq. 2.5). 

    
  

   
  

   

  
                                               (2.5) 

The assumption that organic matter is the dominant sorbent generally holds for non-ionic or 

hydrophobic compounds in soils/sediments that are rich in organic matter. However, once 

organic matter becomes limited, other sorptive processes such as interactions with mineral 

surfaces will gain importance (Schwarzenbach et al., 2003).  

Sorption of non-ionic organic compounds to clays can be competitively inhibited by 

organic loads in solution and in the soil, resulting in improved sorption and relevance when 

organic matter concentrations are minimized (Sanchez-Jimenez, 2012). In general, apolar and 

weakly monopolar compounds whose structures do not support specific interactions with 

mineral surfaces exhibit linear sorption. In sharp contrast, monopolar compounds such as 

nitroaromatic amines can feature strong bonding due to specific interactions with clay 
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mineral surfaces, resulting in non-linear Langmuir sorption isotherms (Schwarzenbach et al., 

2003).  

 Ionic organic compounds adsorb to charged mineral surfaces or dissolve into the thin 

water layer adjacent to the mineral surface. Ion exchange interactions may be especially 

important for positively-charged molecules as the solid oxides found in clays feature wet 

surfaces covered in hydroxyl groups, generating surface charge densities. Ionic compounds 

can then adsorb to mineral surface. The ability of a soil to bind cations and anions is referred 

to as cation exchange capacity and anionic exchange capacity, respectively (Schwarzenbach 

et al., 2003). Sorption processes retard the transport of compounds through the surface, but 

are not responsible for degradation beyond increasing the residence time of a sorbed 

compound relative to the hydraulic residence time (HRT), which can enhance bioattenuation 

of the compound within a given HRT. 

2.3.2 Bioattenuation of Organic Contaminants 

As stated earlier, bioattenuation is the major mechanism responsible for the removal of a 

variety of wastewater-derived compounds during MAR (Drewes et al., 2009). These 

compounds are transformed to metabolites or completely mineralized to carbon dioxide. 

However, the overall process is limited by the bioavailability of the compound and the 

presence/ability of an enzyme to transform the compound (Schwarzenbach et al., 2003). 

Simplified, four main approaches are used by microorganisms to initiate degradation of 

organic compounds, as described in Table 2.2. 
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Table 2.2: Common reaction types in bioattenuation. Synthesized from Schwarzenbach et al. 

(2003). 

Reaction type Reaction method 

Hydrolysis Enzymatically-mediated nucleophilic attacks 

Oxidation Uses an electrophilic form of oxygen 

Reduction Uses a nucleophilic form of hydride or reduced metals such as cobalt 

Additions Uses electrophilic carboxyl or nucleophilic hydroxyl, or free radical H-

abstraction and addition of fumarate 

 

Microbes are known to degrade organic contaminants primarily through enzymatic 

catalysis and also by generating reactive species. Enzymes lower activation energies of 

reactions, allowing reaction rates to proceed 10
9
 or more times faster than would occur 

without the catalysts (Schwarzenbach et al., 2003). Although built to handle naturally 

occurring molecules such as fatty acids, enzymes can have imperfect specificities, allowing 

the binding of structurally unusual, man-made compounds. As a result, chemical 

contaminants may be directly used in catabolic or anabolic processes, or be attenuated 

“accidentally” while another substrate is being used for energy. This latter process is known 

as co-metabolic decay (Schwarzenbach et al., 2003), and is potentially very important in the 

degradation of CECs that occur at very low concentrations (i.e., in the ng/L range). For 

example, N-nitrosodimethylamine (NMDA), a potent carcinogen and drinking water 

contaminant, has been shown to be degraded co-metabolically by a propane-induced enzyme 

(Sharp et al., 2007). The enzyme is expressed by bacteria in order to use propane as a 

substrate, but is functionally able to oxidize NDMA when the contaminant is present. As 

CECs are often present only at part-per-trillion concentrations, co-metabolism is the likely 
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mechanism by which these compounds are degraded. Further, to co-metabolize a diversity of 

CECs with different structures and behavior, high enzymatic diversity is desirable. 

 Chemical structures and physical characteristics can be used to predict the 

biodegradability of a range of compounds (Tunkel et al., 2000). Compounds with structural 

groups that are found in easily degradable, ubiquitous, and naturally occurring molecules 

such as proteins, polysaccharides, and lipids, are generally degradable because the enzymes 

used to hydrolyze them are ubiquitous as well (Schwarzenbach et al., 2003). The presence of 

aromatic chloro and nitro groups, in contrast, greatly hinders bioattenuation, as do quaternary 

carbons and tertiary nitrogens (Tunkel et al., 2000; Schwarzenbach et al., 2003). These 

structures are present in the environment to a lesser extent, as are the corresponding enzymes 

(which are often only inducible) such as cytochrome p450 oxidases and dehaloreductases 

(Schwarzenbach et al., 2003).  

 Comprehensive investigations of microbial communities in MAR systems are limited, 

and therefore little is known concerning which water quality parameters affect community 

distributions. In general, it is known that microbial density is positively correlated with DOC 

(Foulquier et al., 2011; Li et al., 2012, 2013) and that pH may be a driver of community 

diversity, with greater diversity found under acidic conditions (Fierer and Jackson, 2006). 

Recently, however, Li et al. (2012) examined the infiltration layer of MAR systems in two 

geographically-isolated locations with similar water qualities, and found that while microbial 

density is positively correlated with DOC, microbial diversity is negatively correlated. 

Because degradation of compounds with specific structural features often requires specific 

enzymatic pathways (Schwarzenbach et al., 2003), greater genetic diversity – rather than 

biomass – could result in more efficient removal of a variety of compounds.  



 

 

16 

 

 Genes are tightly regulated and many, which may otherwise be repressed, are 

expressed in response to environmental stressors. For example, catabolic repression occurs 

when an organism represses certain catabolic enzymes in the presence of a better 

carbon/energy source, but expression will occur when the organism becomes stressed for 

carbon/energy (Madigan et al., 2009). This has implications for the degradation of chemical 

contaminants because wastewater contains easily degradable carbon molecules that may 

repress enzymatic pathways responsible for attenuation. Therefore, the quality and 

concentration of the primary substrate is likely an important factor influencing contaminant 

degradation. 

2.4 Factors Affecting Water Quality Improvement during MAR 

The effectiveness and efficiency of biotransformation for removing CECs varies 

greatly depending on the water quality applied. BDOC, the corresponding redox condition, 

and hydraulic residence time have been previously identified as factors driving or 

constraining attenuation. 

2.4.1 Role of Primary Substrate 

Primary substrate, more specifically the availability (amount and makeup) of BDOC, 

is a potential controlling factor in CEC removal (Rauch-Williams et al., 2010). Hoppe-Jones 

et al. (2012) compared CEC removal at high and low influent BDOC in laboratory-scale soil 

column experiments and found that after an initial adaptation period, the carbon-starved soil 

column system outperformed the soil column system receiving high-BDOC at removing 

moderately degradable compounds. Li et al. (2013) reported that microbial community 

structure is directly affected by DOC makeup. The study found that while high BDOC 

resulted in a greater biomass in the initial infiltration zone, the microbial community of the 
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system was less diverse, being dominated by beta proteobacteria. Notably, the lower BDOC 

system was also more diverse in microbial groups that have the ability to degrade refractory 

xenobiotics (Li et al., 2013; Balkwill et al., 2006). It has therefore been postulated that 

refractory DOC (i.e., humic substances) is composed of a greater diversity of organic 

molecules that simultaneously select for a number of microbial groups with different 

metabolic functions. This overall increase in metabolic function (increase in enzymatic 

diversity) may then provide a greater opportunity for co-metabolic processes. Data published 

by Laws et al. (2011) show that certain compounds are degraded best in the lower aquifer of 

a full-scale surface spreading ARR site. The study provides organic-matter characterization, 

which indicates that the lower aquifer also features carbon-starving conditions, with the 

remaining DOC being more refractory in nature. It is possible that studies reporting removal 

of compounds only after long retention times could also be showing enhanced removal under 

carbon-starving conditions (because DOC is degraded over time), but without reported bulk 

water quality parameters such as DOC, UV, and others, it is difficult to distinguish between 

DOC effects and simply extended subsurface travel. 

2.4.2 Role of Retention Time 

When being transported through the subsurface for longer travel times, the removal 

rates of CECs become less relevant because there is more contact time for degradation. This 

is of great importance for relatively recalcitrant compounds, which may exhibit little 

attenuation over short periods of time, but are well-removed in the long term. Laws et al. 

(2011) found that naproxen and diclofenac, while exhibiting only moderate removal over 

short retention times, were well-attenuated over long periods of time in the aquifer. 

Compounds such as triclosan and trimethoprim show a greater response, as these compounds 
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were not attenuated during short travel times but were well-removed when given sufficient 

time. Increased residence time may not be the lone cause of this improved attenuation. Key 

water quality parameters such as DOC and SUVA also change with residence time in the 

subsurface (Table 2.3), tying the effects due to primary substrate to increased residence time. 

This relationship is important because attenuation, which is sensitive to changes in primary 

substrate, may occur given the proper residence time. 

Table 2.3: Bulk water quality analysis of infiltration basin and groundwater samples from a 

surface-spreading MAR site. Bulk organic parameters show changing water quality with 

residence time. BDL = below detection limit. Adapted from Laws et al. (2011). 

Travel 

Time 

NH3-N 

(mg/L) 

NO3-N 

(mg/L) 

DOC 

(mg/L) 

UV254 

(1/m) 

SUVA 

(L/mg-m) 

BDOC 

(mg/L) 

Influent 0.47 3.9 7.43 9.19 1.24 4.6 

10 h BDL 5.4 3.23 6.33 1.96 0.7 

12 h BDL 5.2 4.06 7.53 1.86 1.2 

26 h BDL 5.0 3.63 7.02 1.93 0.8 

42 h BDL 4.8 3.46 6.82 1.90 0.8 

51 h 0.13 5.0 3.59 6.13 1.71 0.8 

70 h 0.11 4.2 3.44 6.71 1.93 0.7 

60 days BDL 3.9 1.64 3.90 2.42 <0.1 

60 days BDL 3.8 1.76 4.04 2.30 <0.1 

 

2.4.3 Role of Redox Conditions 

Redox state is widely considered one of the most important factors governing 

chemical removal during MAR. Effluent-impacted feed waters contain high concentrations 

of biodegradable carbon, which serves as an electron donor for soil microorganisms, which 

consume oxygen and quickly drive the system anoxic. For this reason, recharge basins and 

RBF systems may feature short oxic zones followed by anoxic zones (Sharma and Amy, 

2011). Grünheid et al. (2005) reported adsorbable organic iodine (AOI) degraded 60-70% 

under anoxic or anaerobic conditions, though AOI was not removed under anoxic conditions. 
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Iopromide, an X-ray contrast agent, was transformed at a fast rate regardless of redox 

condition, but dehalogenation was observed only under anoxic conditions (Grünheid et al., 

2005). In general, the various isomers of napthalenesulfonic acid degraded better under oxic 

conditions (Grünheid et al., 2005). While oxic conditions tend to facilitate more efficient 

removal of a variety of compounds (as reported in Sprenger et al., 2011), exceptions do exist 

where compounds are best attenuated under anoxic conditions. For example, the anti-

inflammatory drug diclofenac (Sprenger et al., 2011; Zwiener and Frimmel, 2003) and X-ray 

contrast agents iodipamide and amidotrizoic acid (Schmidt et al., 2003; Patterson et al., 

2011) degrade under anoxic conditions but persist when the system is oxic. Rauch-Williams 

et al. (2010) gathered biotransformation data for ten indicator compounds, indicating the 

optimal redox state for degradation of each indicator chemical. The data complement 

previous findings by other studies such as Wiese et al. (2011) where the effects of the redox 

state on contaminant removal are highly compound-specific; some compounds being 

removed better under each condition (generally better under oxic conditions), and others are 

removed similarly in spite of the given redox condition.  

Redox states have been classified in multiple ways, with different definitions of what 

constitutes oxic, suboxic, and anoxic conditions. For example, McMahon and Chappelle 

(2008) define oxic as DO >0.5 mg/L and anoxic as nitrate reduction and beyond, while Borch 

et al. (2010) define oxic as having a relative log electron activity at pH 7 (pɛ⁰7) of greater 

than 7.5, which includes nitrate and manganese reduction. The former lumps nitrate, a potent 

electron acceptor, together with Fe(III) and SO4
2-

, which are much less favorable electron 

acceptors (Leahy and Olsen, 1997). The latter makes no distinction between DO, a 

particularly effective electron acceptor, and NO
3-

 and Mn
2+

. For the purpose of this study, 
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redox conditions are divided into four categories: oxic, suboxic, anoxic, and anaerobic as 

delineated in Figure 2.1. Oxic conditions are assumed if nitrate and manganese reduction are 

not detected, which corresponds with DO equal to ~1 mg/L (Wilson and Bouwer, 1997). 

Suboxic is an oxic condition with <1 mg/L DO, which is achieved by purging the feed 

container with nitrogen gas (N2). This classification of redox conditions acknowledges 

functional differences in the potency of different electron acceptors as is relevant to 

hydrocarbon degradation.  

 

Figure 2.1 Classification of relevant reaction pairs into four categories of redox states: Oxic 

(pɛ⁰7 = 14.50), suboxic (DO = <1 mg/L), anoxic (14.50> pɛ⁰7 >0), and anaerobic (pɛ⁰7 <0). 

pɛ⁰7 (dimensionless) is the negative log of the relative electron activity at pH = 7. A large 

positive pɛ⁰7 represents oxidizing conditions (low e- activity), with low values describe 

reducing conditions. Values are from Brezonik and Arnold (2011). 
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Chapter 3. EXPERIMENTAL APPROACH 

3.1 Analytical Methods for Bulk Parameters 

Water samples for bulk organic carbon and CEC analysis were preserved to prevent 

biodegradation by addition of phosphoric acid or sodium azide, respectively, and kept at 4˚C 

in the dark. Automated solid phase extraction (SPE) for CEC analysis and bulk organic 

carbon analysis was performed within 48 hours of sampling. Bulk organic carbon parameters 

including TOC, DOC, UV absorbance at 254 nm, and nitrogen species were measured 

according to Standard Methods (APHA, 1998). 

Samples were filtered to 0.45 μm using 25 mm Pall SUPORR membrane filters. DOC 

was analyzed and recorded with a SIEVERS 5310C TOC Analyzer according to Standard 

Method 5310B. UV absorbance at 254 nm was determined according to Standard Method 

5910B with a Beckman Coulter DU 800 UV/Vis spectrophotometer. 3-D fluorescence 

spectroscopy was performed on feed samples with a Jobin-Yvon Horiba FLUOROMAX-4 

spectrofluorometer for the generation of excitation-emission matrices (EEMs) that speak to 

the character (humic acid, fulvic acid, biopolymers) of DOC. For this method, samples were 

adjusted to a pH between 6-8 and normalized through dilution to reach a TOC content of 

1mg/L for the samples to be comparable among each other (Reche, 2003). Ammonia and 

dissolved manganese were monitored with grab samples and analyzed with a Hach DR 2800 

spectrophotometer (methods 10205 and 8149). Nitrate was determined using a Dionex 

DS600 ion chromatograph equipped with an AS14 column and sodium bicarbonate eluent 

according to Standard Method 4110C or was analyzed with a Hach DR 2800 (method 

10206). 
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3.2 Analytical Methods for CECs 

Chemical analysis for target CECs by high performance liquid chromatography 

coupled with tandem mass spectrometry (LC/MS-MS) was performed using an isotope 

dilution method modified from Vanderford and Snyder (2006) as reported in Teerlink et al. 

(2012). Prior to analysis by LC/MS-MS, the samples were extracted using an AutoTrace 280 

SPE unit (Thermo Scientific, USA). SPE was performed using Waters Oasis HLB cartridges 

(500 mg adsorbate). Isotope standards (100 ppb in methanol) were obtained for all target 

analytes and spiked into the water samples prior to SPE. Cartridges were conditioned with 5 

mL MTBE, 5 mL methanol, and 5 mL of ultrapure water. The water sample (100 mL) was 

passed through each cartridge with a flow of 4 mL/min. The cartridges were then dried under 

a nitrogen stream for 1 hour, and analytes were eluted from the cartridges with 5 mL 

methanol followed by 5 mL of 10% methanol in MTBE. The eluant was then dried down 

under a gentle nitrogen stream and resolved in 1mL methanol. The final sample was prepared 

in a ratio of 10/90 methanol/water (v/v) for LC/MS-MS analysis. 

LC/MS-MS analysis was performed using an Agilent 1200 HPLC and a CTC 

Analytics HTS PAL autosampler equipped with a 1mL sample loop for chromatography, 

coupled with an Applied Biosystems (USA) 3200 QTRAP MS/MS system. Compounds were 

separated using a 150 mm × 4.6 mm Luna C18 column with 5 μm particle size. A binary 

gradient at a flow rate of 800μL/minute was used for both electrospray ionization (ESI) 

positive and ESI negative methods. The limit of quantification (LOQ) for all compounds 

analyzed by the LC/MS-MS method in this study is in the range of 1 ng/L to 100 ng/L 

(Drewes et al., 2008; Teerlink et al., 2012). 
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3.3 Laboratory-scale Sorption experiments 

Glass 15 mL vials were filled with 1 g of dry soil, and 10 mL of RBF water (obtained 

from the Brighton, CO, RBF site) spiked with an additional 2 μg/L of the compounds listed 

in Table 2.1 and treated with 1 g/L sodium azide to prevent biotransformation of the 

compounds. Three different soils were tested in addition to one control vial that contained 

spiked RBF water only. This control accounts for adsorption to the glass surface and any 

other losses. Upon being filled with soil and water, the vials were placed on a shaker table 

and shaken continuously for 24 hours. Samples were then centrifuged for 20 minutes at 2000 

rcf and 5 mL of the supernatant was transferred to a 100 mL glass bottle and diluted with de-

ionized (DI) water to a volume of 50 mL and analyzed for CECs. 

 Two soils were taken from a full-scale ARR site in Brighton, CO. One type, named 

“field soil” was taken from the initial layer (top 5 cm) of an offline infiltration basin, and 

sieved into two different fractions: <2 mm, and <0.15 mm. An additional soil, named “field 

clay”, was produced from large (~5 cm diameter) round clay masses present in the initial 

meter of an offline infiltration basin. These clay masses were dissolved in DI water, sieved to 

2 mm to remove attached sand and gravel, dried, and crushed into a fine powder. In addition 

to the field soils and field clay, bentonite was obtained from Sigma Aldrich.  

3.4 Laboratory-scale Soil Column Experiments 

Several 1-dimensional soil columns filled with sandy aquifer material were arranged 

in varying configurations to simulate a variety of geochemical subsurface conditions such as 

unsaturated vs. saturated flow, oxic vs. anoxic redox state, and fed with different feed water 

qualities (Figure 3.1). The columns feature intermediate sampling ports at varying column 

depths. Retention times for each sampling port of the column systems have been determined 
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using a conservative tracer (i.e., bromide) either in previous experiments (PC, C1, C2; 

Hoppe-Jones, 2012) or during this study (C4, data not shown). The columns have been in 

operation for several years continuously spiked with a mixture of 30 CECs in the ng/L range, 

providing a well-adapted microbial community. A summary of the experimental soil column 

setups is provided in Table 3.1. 

The PC system consists of four 1 m columns and represents carbon-starving 

conditions, being fed initially with nitrogen-purged tap water. The C1 column system (up to 

four 1 m columns coupled in line) is similar to PC but is fed a higher BDOC influent, 

nitrogen-purged secondary-treated effluent (SE). C4 is a continuous 4.5 m-long column 

operated in reverse flow (saturated from bottom to top) receiving nanofiltration (NF) 

permeate. The C2 system is a single 1m column, initially receiving non-diluted SE and in a 

second experiment a blend of 7:3 (v/v) NF:SE. C2 feeds were never purged with nitrogen. A 

photo of the column systems is provided in Figure 3.1. A schematic of the soil column setup 

and operation is provided in Figure A.1 in the appendix. Column feeds are housed in plastic 

carboys, with the exception of C4. C4 feed is contained in a capped 100 L stainless steel 

drum, equipped with a Sterilight SC1 UV lamp on a separate recirculation line. The NF 

permeate in this container recirculates through the lamp for 1 hour per day at a dose of 40 

mJ/cm
2
. The SE is obtained from Metro Wastewater in Denver, CO and stored at room 

temperature in plastic carboys. NF permeate is produced from City of Golden, CO tap water 

which is filtered through a 20 GPM NF membrane skid housing 21 Hydranautics 4040 NF 

270 elements. CO2, which concentrates in the NF permeate during production, is then 

degassed with N2. In the case of column system C4, 60 mg/L CaCO3 and 60 mg/L NaHCO3 

were added to adjust the saturation index of the NF permeate to 0 +/- 0.5. In general, 100 mL 
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water samples were collected for each soil column system at different depths plus influent 

during each spiking experiment in 2012 and immediately preserved prior to SPE.  

 

Figure 3.1: Soil column systems at Colorado School of Mines. 

Table 3.1: Feed waters applied to column systems and maximum residence time within each 

column. Flow rate is 1 mL/min. 

Column 

System Feed type 

Max Retention  

Time (d) Notes 

PC Tap Water 17 N2 Purged 

C1 SE 25 N2 Purged 

C2 SE 7  Unpurged 

C2  7:3 NF:SE  7  Unpurged 

C4 NF Permeate 20.3 N2 Purged 

 

 



 

 

26 

 

3.5 Field Monitoring of Full-scale MAR 

A field-scale sampling campaign was performed to evaluate full-scale MAR 

performance. The field site is operated by Aurora Water and is located near Brighton, 

Colorado. This site contains a fully operational RBF gallery consisting of 17 vertical wells, 

which pull surface water from the South Platte River and then feeds RBF filtrate into an array 

of surface spreading basins located within an area contained by a surface-to-bedrock slurry 

wall consisting of bentonite. The South Platte River at this location is heavily impacted by 

wastewater effluent and is dominated by treated municipal wastewater during low-flow 

runoff conditions.  

 An electric submerged pump was used to pull samples from established monitoring 

wells at the ARR site. Samples from RBF wells and combined collectors were taken from 

sampling taps. Prior to sampling, all wells were purged until a stabile conductivity 

measurement was recorded (>20 minutes of purging), and pH, conductivity, and temperature 

were measured in situ with pH determined using a Beckman 260 portable pH meter with 

combination of a gel-filled electrode (Beckman, Fullerton, CA) (Standard Method 4500-H+). 

Conductivity, temperature, and dissolved oxygen were determined using an YSI model 85 

multi-meter (YSI Incorporated, Yellow Springs, OH) (Standard Method 2510). Samples were 

taken for DOC and UV in 200 mL amber glass bottles, and for CEC analysis in 1 L amber 

glass bottles with 1 g/L sodium azide as a preservative. All samples were immediately placed 

into coolers for transport to the laboratory and stored at 4˚C prior to analysis. All organic 

analysis was performed as previously described. 
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Chapter 4. RESULTS AND DISCUSSION 

4.1 Sorption during MAR 

To investigate the role of sorption to clays in the removal of CECs, batch experiments 

were performed using three soil types: pure bentonite (a montmorillonite clay); field soil, 

taken from the initial layer (top 3 cm) of an infiltration basin at the field site; and field clay, 

clay aggregates taken from the first 1 m depth of an active infiltration basin. The field soil 

and clay were previously loaded with CECs from RBF water for ~6 months. The previously 

discussed CEC indicators were spiked into RBF water at 2 μg/L on top of background levels. 

“Soil blanks” were performed using DI water with no added CECs to induce desorption of 

compounds potentially present in the field clay and field soil. 

4.1.1 Soil Characteristics 

The soils used in this experiment covered a range of clay percentages (14%-100%, 

Table 4.1). foc for bentonite was assumed to be zero. Mn and Fe are present in significant 

concentrations due to metal-oxide deposition in the ARR infiltration basins from where the 

soil samples were retrieved. Mn and Fe content were not determined for bentonite. 

Table 4.1: Characteristics of soils used in sorption batch experiments. Manganese and Iron 

content was not determined for Bentonite. 

Soil Type % Clay  Mn (mg/kg) Fe (mg/kg) 

Field Clay  23 46.14 1986.46 

Field Soil 14 32.67 1091.43 

Bentonite 100 N/A N/A 
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4.1.2 Sorption of Contaminants of Emerging Concern 

Concentrations in the RBF spike solution and in the supernatant following the 

sorption experiments are listed in Table 4.2-4.4. The compounds atenolol, caffeine, and 

trimethoprim showed strong sorption to all three soils tested. On average, these three 

compounds showed complete or nearly complete removal to below detection in the presence 

of betonite clay. The field soil taken from the initial layer of an infiltration basin was able to 

sorb 70% of atenolol, 91% of caffeine, and 70% of trimethoprim. The field clay sorbed a 

greater percentage of atenolol and trimethoprim than the field soil and removed 84% and 

93% of these two compounds respectively. The field soil and field clay soil blanks with un-

spiked DI water had no detectable concentrations of atenolol and trimethoprim, suggesting 

that these compounds are held more tightly to the soil or were degraded following sorption 

before the experiment started.  

All samples were immediately preserved prior to the batch sorption test using 1 mg/L 

sodium azide to avoid biodegradation during the runtime of the experiment. Caffeine was 

detected in both the field soil and field clay blanks, signifying possible reversible sorption. 

Additionally, the field soil came from an infiltration basin that had not been operated within a 

month of sampling. Assuming biological activity in the offline infiltration basin, the 

detection of caffeine in soil blanks suggests persistence of this compound. Additional 

sorption isotherm experiments would further elucidate the sorption properties of caffeine on 

these soils.  
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Table 4.2: Results from batch sorption experiments (n ≥ 2) for atenolol, caffeine, and 

trimethoprim in the presence of betonite (montmorillonite clay), field soil, and field clay 

(concentrations in ng/L). “No soil blank” is the starting concentration added to each soil and 

consists of RBF water spiked on top of background levels with CECs. “Soil blanks” are 

concentrations present when un-spiked DI was added to field soils and clays to detect sorbed 

compounds. 

Sample ID Atenolol Caffeine Trimethoprim 

No soil blank (ng/L) 2110 1470 1430 

Bentonite (BT; ng/L) < LOD 43 < LOD 

  < LOD < LOD < LOD 

BT mean % sorbed 100% 99% 100% 

STDEV 0% 2% 0% 

Field soil (FS; ng/L) 641 145 450 

  652 124 455 

  613 137 396 

FS soil blank (ng/L) < LOD 28 < LOD 

FS mean % sorbed 70% 91% 70% 

STDEV 1% 1% 2% 

Field clay (FC; ng/L) 332 121 99 

  281 105 73 

  378 149 115 

FC soil blank (ng/L) < LOD 53 < LOD 

FC mean % sorbed 84% 91% 93% 

STDEV 2% 2% 1% 

 

 

Table 4.3 lists sorption results for five MAR performance indicators. Sorption of 

diclofenac, gemfibrozil, naproxen, and sulfamethoxazole to bentonite clay was less than 

30%. DEET was 58% removed by bentonite. The field soil provided little sorptive capacity 

for these compounds, as percent removal was within the standard deviation of 10%. A 

substantial amount of DEET was present in the field soil blank (609 ng/L), suggesting that 

the low sorption may be due to exhaustion of sorptive sites for this compound. This could be 

confirmed/refuted by additional isotherm experiments. The field clay removed 15-25% of all 
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five compounds, and again a substantial concentration of DEET (714 ng/L) was detected in 

the soil blank. 

 

Table 4.3: Results from batch sorption experiment for select CECs in the presence of betonite 

(montmorillonite clay), field soil, and field clay. “No soil blank” is the starting concentration 

added to each soil and consists of RBF water spiked with CECs. “Soil blanks” are 

concentrations detected when un-spiked DI was added to field soils and clays to detect 

sorbed compounds.  

Sample ID Diclofenac Gemfibrozil Naproxen Sulfamethoxazole DEET 

 No soil blank (ng/L) 1090 1130 1170 1430 2230 

Bentonite (BT; ng/L)   995   1157 1025 

  927 822 907 942 855 

BT mean % sorbed 15% 20% 22% 27% 58% 

STDEV   11%   11% 5% 

Field soil (FS; ng/L) 1070 1110 1170 1340 2090 

  1180 1140 1190 1360 2120 

  1330 1380 1430 1190 2090 

FS soil blank (ng/L) 11 < LOD < LOD < LOD 609 

FS mean % sorbed -9% -7% -8% 9% 6% 

STDEV 12% 13% 12% 6% 1% 

Field clay (FC; ng/L) 940 931 951 1100 1720 

  784 781 845 857 1520 

  1020 1040 1050 1280 2050 

FC soil blank (ng/L) < LOD < LOD < LOD < LOD 714 

FC mean % sorbed 16% 19% 19% 25% 21% 

STDEV 11% 12% 9% 15% 12% 

 

  Sorption results for the chlorinated flame retardants TCEP, TCPP, and TDCP, along 

with the anticonvulsant drugs carbamazepine and primidone are presented in Table 4.4. The 

chlorinated flame retardants sorbed strongly to bentonite, which removed >75% on average. 

57% of carbamazepine and 38% of primidone were removed in the presence of bentonite. 

Concentrations of TCEP and TCPP increased in the presence of field soil, while the 

concentration of TDCP was reduced by 57%. Field soil blanks indicate desorption of these 
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compounds, especially TCPP (870 ng/L). In the field clay, TCEP sorption was within the 

standard deviation of 0%, but TCPP concentrations increased similarly to the observations in 

the field soil. The concentration of TCPP in the field clay soil-blank (1430 ng/L) was greater 

than was present in the spike solution used in the sorption tests (no soil blank = 1120 ng/L 

TCPP). The TDCP concentration was reduced 71% on average by the field clay, while the 

anticonvulsant concentrations were reduced by less than 30%, with no desorption effects 

noted. 

Table 4.4: Results from batch sorption experiments for select recalcitrant CECs in the 

presence of betonite (montmorillonite clay), field soil, and field clay. “No soil blank” is the 

starting concentration (in ng/L) added to each soil and consists of RBF water spiked with 

CECs. “Soil blanks” are concentrations detected when un-spiked DI was added to field soils 

and clays to detect sorbed compounds. 

Sample ID TCEP TCPP TDCP Carbamazepine Primidone 

No soil blank (ng/L) 1580 1120 711 1480 1380 

Bentonite (BT; ng/L) 269 299 < LOD 743 990 

  200 224 < LOD 543 728 

BT mean % sorbed 85% 77% 100% 57% 38% 

STDEV 3% 5% 0% 10% 13% 

Field Soil (FS; ng/L) 1730 2180 458 1410 1350 

  1730 2760 152 1490 1430 

  1550 2020 312 1250 1180 

FS soil blank (ng/L) 258 870 < LOD < LOD < LOD 

FS mean % sorbed -6% -107% 57% 7% 4% 

STDEV 7% 35% 22% 8% 9% 

Field Clay (FC; ng/L) 1450 2340 222 1060 1070 

  1060 3400 22 829 827 

  1600 2550 367 1240 1300 

FC soil blank (ng/L) 381 1430 83 < LOD < LOD 

FC mean % sorbed 13% -147% 71% 30% 23% 

STDEV 18% 50% 24% 14% 17% 

 

For every compound in this experiment, bentonite clay sorbed the greatest percentage 

of the initial concentration, followed by the field clay, which has higher percent clay than the 
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field soil. These results suggest that clay, rather than organic carbon, is the dominant sorbent 

for these experimental conditions. For further discussion, see section 5.1. 

4.2 Soil Column Experiments 

Soil columns were employed to investigate the effects of BDOC and its relationship 

with redox conditions on CEC removal. Soil column experiments simulate a range of BDOC 

concentrations under different redox conditions using different feed water conditions. The 

conditions presented in this study are referred to as “high BDOC/anoxic”, “low 

BDOC/suboxic”, and “low BDOC/oxic”. 

4.2.1 Fate of Bulk Parameters during Simulated MAR 

Table 4.5 details relevant organic water quality parameters in the feed water applied 

to the soil columns and the changes in nitrate and manganese after travel through the 

columns. The DOC concentration in the SE was 8 mg/L on average, with UV254 absorbance 

above 14 (1/m) and a SUVA value of 1.8 L/mg-m. The non-purged SE did not maintain its 

oxic condition through the soil column. Due to the reduction of nitrate and release of 

dissolved manganese the redox state was anoxic. The relationship between BDOC and 

available electron acceptors is discussed further in section 5.2.1. The 7:3 (v/v) NF permeate 

to SE blend reduced DOC to 2.46 mg/L with UV254 equal to 5 m
-1

 and a SUVA value equal 

to 2 L/mg-m. This reduction in influent DOC was sufficient to maintain oxic conditions 

throughout the column, as nitrate was not reduced and there was no detectable change in 

dissolved manganese. The N2-purged tap water exhibited 1.17 mg/L of DOC on average, 

UV254 absorbance of 3.74 m
-1

 and a SUVA value equal to 2.93. This is the highest SUVA of 

all the water blends applied, suggesting the organic carbon present in this feed is more 

aromatic in nature. This feed water, purged of DO and low in nitrate and ammonia, exhibited 
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reduction of the small amount of nitrate present and resulted in a slight nitrate decrease of 

0.13 mg/L, but no dissolved manganese was produced. The NF permeate contained 0.26 

mg/L DOC with UV254 equal to 0.21 m
-1

 and a SUVA value equal to 0.79 L/mg-m. No 

measureable nitrate was detected in the influent or effluent, but a slight dissolution of 

manganese was measured (0.12 mg/L). The experimental conditions for the soil columns are 

summarized in Table 4.6, including BDOC, HRT, redox condition, and redox classification.

  

Table 4.5: Bulk organic parameters of feed water applied to soil columns and change in 

redox surrogates NO
3-

 and Mn after travel through the columns. NF = nano-filtration 

permeate, SE = secondary-treated wastewater. 

  
DOC 

(mg/L) 

UV254 

(1/m) SUVA (L/mg-m)  ∆NO
3-

 (mg/L) 

∆Mn
2+

 

(mg/L) 

NF 

permeate 0.26 0.21 0.79 BDL 0.12 

Tap water 1.17 3.74 2.93 -0.13 BDL 

7:3 NF:SE 2.46 4.99 2.03 1.01 BDL 

SE non-

purged 8.14 14.1 1.79 -5.4 0.92 

SE 7.83 14.52 1.84 -8.75 0.98 

 

Table 4.6: Soil column experimental conditions. NF = nano-filtration permeate, SE = 

secondary-treated wastewater. * Indicates redox condition may be lower (more reducing) 

than Mn reducing. 

  
BDOC 

(mg/L) STDEV 

Max Retention time 

(d) 

Redox 

Condition 

NF Permeate N/A N/A 20 suboxic 

Tap Water 0.17 0.10 17 suboxic 

7:3 NF:SE 

Oxic 0.19 0.15 7 Oxic 

SE unpurged 2.75 0.95 7 anoxic 

SE 4.16 1.32 25 anoxic 
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EEMs were generated for each water type (Figure 4.1, A-D). The relative intensity of the 

three major peaks shows a similar pattern among the non-diluted SE feed and the 7:3 (v/v) 

NF:SE blend, despite the different fluorescence intensities.  

 

Figure 4.1A-D: 3D fluorescence excitation-emission matrices (EEMs) for secondary-treated 

effluent (SE) purged with N2 (A), 7:3 (v/v) oxic NF:SE blend (B), NF permeate (C), and tap 

water (D). Note changing fluorescence intensity scale. 

 

 SEC-DOC and SEC-UV analysis of feed waters applied to the columns (Figure 4.2) 

indicates that dilution of secondary-treated effluent with NF permeate reduces the 

concentration of biopolymers, humic-like substances, but maintains acids, low molecular 

weight (LMW) humic substances and neutrals. The UV and DOC chromatograms indicate 

that these LMW fractions are retained to a greater degree than higher molecular weight 

A B 

 

A B 

C D 
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substances, which are removed during membrane filtration. Tap water exhibited a similar 

pattern as the 7:3 (v/v) NF:SE blend but at lower concentrations and with few biopolymers 

and further-reduced humic-like substances. 

 

 

Figure 4.2: SEC-DOC and SEC-UV chromatograms for soil column influent samples. Peaks 

represent (1) biopolymers, (2) humic-like substances, (3) polymer building blocks, (4) acids 

and low molecular weight humic substances, and (5) low molecular weight neutrals. 

 

 

E 
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4.2.2 Role of BDOC in CEC Removal 

The removal of caffeine, trimethoprim, and atenolol after three days of travel under 

three different conditions: i) oxic, low-BDOC (BDOC = 0.19 mg/L); ii) suboxic, low-BDOC 

(BDOC = 0.17 mg/L); and iii) sub-oxic, high-BDOC (BDOC = 4.17 mg/L) is presented in 

Figure 4.3. Actual BDOC levels are shown in parts per million (ppm). Caffeine exhibited 

good removal (~70% or greater) under all redox and carbon conditions. However, 

trimethoprim was removed significantly faster under high-BDOC conditions, the only 

compound to perform best under this condition throughout the study. Atenolol was very 

sensitive to BDOC concentrations and less sensitive to redox condition. Under low-BDOC 

and suboxic conditions, atenolol was removed >95% in three days. The compound was 

removed less efficiently under oxic conditions (~85% removal), but was removed notably 

less under high BDOC/anoxic conditions (<60% removal). 

The apparent indifference of caffeine removal to operational conditions insinuates 

that this compound could primarily be removed by sorption processes instead of immediate 

biodegradation (Figure 4.3, Table 4.2). Sorption of caffeine to clays has been demonstrated 

previously in batch and soil column experiments (Sotelo et al., 2013). The results also 

suggest that atenolol and trimethoprim were affected by operational conditions, hinting that 

bioattenuation plays a major role in addition to sorption. This would be in-line with the 

reasoning that bioattenuation following sorption may explain why no atenolol or 

trimethoprim were detected in field soil blanks in spite of the near-complete sorption of these 

compounds. Sorption could facilitate biotransformation by extending the residence time of 

these compounds relative to the HRT of the infiltrating water. 

 



 

 

37 

 

 

Figure 4.3: Percent removal of easily degradable compounds at varying redox and BDOC 

conditions after three days retention time. 

 

Moderately degradable compounds were studied under two carbon feed conditions: 

0.17 mg/L BDOC and 4.16 mg/L BDOC (Figure 4.4). The retention times in this case were 

nine days for the low-carbon feed condition, and 14 days for the higher-carbon feed 

condition. A common retention time was not available for comparison due to different 

sampling port locations in the two column systems. The effect of BDOC varied depending on 

the compound, but in general removal was most efficient (>70%) under low-BDOC (<0.5 

mg/L) conditions (Figure 4.4). With the exception of sulfamethoxazole, the moderately 

degradable compounds were removed significantly better under carbon-starving conditions 

than under high-BDOC (>2 mg/L) conditions. Diclofenac and gemfibrozil exhibited good 

removal of >70% on average after nine days of travel under carbon-starving conditions, but 

under carbon-rich conditions exhibited little to no removal after 14 days of travel. Naproxen 
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was completely removed within nine days with carbon-starving conditions, compared to an 

average removal of only 60% after 14 days with carbon-rich feed. Carbon-starving 

conditions improved DEET removal by more than 40% on average, even with five fewer 

days of travel time. These results confirm that carbon-starving conditions characterized by 

low BDOC (~0.15-0.25 mg/L) improves removal efficiency of CECs. 

 

Figure 4.4: Percent removal of moderately compounds at low (0.17 mg/L) BDOC and high 

(4.16 mg/L) BDOC after 9 and 14 days retention time, respectively. 

 

 

4.2.3 Effect of Redox State on CEC Attenuation 

Columns operated under oxic conditions outperformed suboxic and anoxic columns 

for all of the moderately degradable compounds (). Under oxic, low-BDOC conditions, and 

within a retention time of three days, complete removal was demonstrated for diclofenac, 

gemfibrozil, and naproxen. The optimal redox condition for diclofenac removal is disputed in 
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the literature, as reported by Rauch-Williams et al. (2010). Several studies reported 

diclofenac was best removed under anoxic conditions (i.e., Rauch-Williams et al., 2010; 

Zwiener and Frimmel, 2003; Hua et al., 2003) while others report the compound was 

removed best under oxic conditions (Wiese et al., 2011). Sulfamethoxazole and DEET were 

removed more than 80% on average under oxic conditions during this study ().  

 

 

Figure 4.5: Percent removal of moderately degradable compounds at varying redox and 

BDOC conditions after three days retention time. 

 

The soil columns with suboxic and anoxic experimental conditions performed poorly 

in comparison to the oxic conditions, with less than 35% removal of moderately degradable 

compounds. Improved removal of sulfamethoxazole under oxic conditions confirms studies 
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by Baumgarten et al. (2011) and Jekel and Grünheid (2007), although these studies report 

much slower removal at this spiking level (ng/L range), requiring at least 14 days for 60% 

removal (half-lives of only 1d were reported at higher spike concentrations). At three days 

retention time, removal among the suboxic and anoxic columns was indistinguishable 

between each condition. Importantly, a study by Drewes et al. (2010), investigating how 

different blending ratios of membrane permeate (as may be necessary to meet CDPH 

regulations) affect MAR efficiency, showed similar performance as is presented in  under 

low-BDOC/oxic conditions.  

An additional column (C4) was used to simulate an extremely carbon-limited 

condition as may be common in direct injection systems. The feed supplied to this 4.5 m long 

column consists of NF permeate (0.26 mg/L DOC, suboxic conditions) sterilized via UV 

light. The column set-up was as sterile as is reasonably possible. While a completely sterile 

condition is unlikely, the only compounds well-removed in this soil column have also been 

shown to strongly sorb to field soils, which also comprise approximately 50% of the C4 

column soil media. Thus, bioattenuation under these conditions is probably limited and 

ineffective for removing CECs. The C4 column removed atenolol to below the detection 

limit after seven days of residence time, and removed caffeine by 77% in the same period 

(Figure 4.6). Sulfamethoxazole and iopromide on average were removed by 31% and 18% 

respectively, while carbamazepine, TCEP, and TCPP showed no significant removal.  Direct-

injection strategies employ water of similar quality to that supplied to this column, and 

therefore similar ineffectiveness of CEC bioattenuation could be assumed in these systems. 
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Figure 4.6: Percent removal of CECs after seven days of retention time in soil column C4 

receiving nano-filtered tap water as influent (0.26 mg/L DOC influent). 

 

4.3 Field-scale Validation 

Laboratory sorption and soil column experiments were validated at the field-scale by 

means of a full-scale MAR site consisting of RBF followed by ARR in series. The unique 

sequence and conditions therein allows direct comparison to the soil column experiments. 

This site operates at 4 million gallons per day and receives effluent-impacted source water 

and is the first section of a multi-barrier treatment train. Sampling took place between the 

months of September and November 2012. Several bulk water quality parameters were 

measured as well as CECs. 

4.3.1 Characterization of Field Conditions 

 The pH in all cases was neutral and conductivity varied between 988 μS/cm and 

1165 μS/cm (Table 4.7). Dissolved manganese increased substantially during RBF and 
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decreased by an order of magnitude immediately following the infiltration in the ARR due to 

re-oxygenation. 

 

Table 4.7: Averaged inorganic field parameters measured in the field. Values with (-) 

indicate no measurement. Standard deviations with (-) indicate less than 3 measurements. 

  

Conductivity 

(μS/cm) STDEV 
pH 

STDEV 

Mn 

(mg/L) STDEV 

S Platte River - - - - 0.08 0.01 

RBF 10A 988 - 7.17 - 0.77 - 

RBF 10 1013 - 7.12 - 0.88 - 

RBF 12 - - - - 1.29 - 

RBF 

Combined 1123 17 7.11 0.10 0.80 0.06 

MWA 25A 1077 38 7.64 0.16 0.04 0.02 

MWA 28A 1105 14 7.55 0.07 0.05 0.03 

ARR 

Combined 1164 12 7.11 0.06 0.03 0.01 

 

 

DOC concentrations were reduced 46% between the river and the RBF, and 14% 

between the RBF combined effluent and the ARR monitoring wells (Table 4.8). DOC present 

in the river at 6.1 mg/L was reduced to 3.4 mg/L on average following RBF, and was further 

reduced to 2.5 mg/L after infiltration in the ARR and travel to monitoring wells MWA 25A 

and MWA 28A (Figure 4.7). The retention time in MWA 25A has been estimated to be 2 

days and 5 days for MWA 28A based on organic tracers (location of monitoring wells 

relative to the infiltration basin is shown in figure A.2 in the appendix). This suggests that the 

bulk of DOC removal during MAR occurs during the initial infiltration step. 
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Table 4.8: Bulk organic parameters measured from field samples. Values with (-) indicate no 

measurement. Standard deviations with (-) indicate less than 3 measurements. 

  DOC (mg/L) STDEV 

UV254 

(1/m) STDEV 

SUVA 

(L/mg-m) 

S Platte River 6.07 - 12.49 0.01 2.06 

RBF 10A 3.53 - 8.90 - 2.52 

RBF 10 3.45 - 8.26 - 2.39 

RBF 12 2.81 - 6.4 - 2.28 

RBF Combined 2.93 0.13 6.13 0.51 2.09 

MWA 25A 2.53 0.14 4.56 0.82 1.80 

MWA 28A 2.52 0.06 4.87 - 1.93 

ARR Combined 2.04 0.10 3.21 - 1.57 

 

 

 

 

Figure 4.7: DOC concentrations in mg/L measured in the South Platte River, RBF production 

wells 10, 10A, and 12, and in ARR monitoring wells MWA 25A and 28A. 
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The large reduction of DOC during RBF coincides with dissolution of manganese, 

indicating a shift of redox conditions from oxic to anoxic. After infiltration in the ARR 

basins, dissolved manganese is reduced more than an order of magnitude, suggesting that the 

ARR maintains oxic conditions throughout its infiltration depths (Figure 4.8). Based on these 

results, BDOC in the RBF is approximately 2.8 mg/L and the redox condition is anoxic, 

while BDOC in the ARR is approximately 0.4 mg/L and the redox condition is oxic. 

 

 

Figure 4.8: Dissolved manganese (Mn
2+

) in mg/L as measured in the South Platte River, RBF 

production wells 10, 10A, and 12, and in ARR monitoring wells MWA 25A and 28A. 
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4.3.2 CEC Removal at the Field-scale 

Refractory CECs are useful indicators because their persistence in subsurface systems 

can be used to estimate dilution. On average, carbamazepine and primidone were reduced by 

less than 10% in RBF wells 10, 10A, and 12, and less than 5% in ARR monitoring wells 25A 

and 28A (Figure 4.9). Presence of these compounds within the subsurface suggests that 

changes in concentration of less-refractory compounds are not due to dilution, but instead are 

a result of removal processes. 

 

 

 Figure 4.9: Fraction remaining of recalcitrant compounds after RBF and in two ARR 

monitoring wells. The high fraction remaining in all cases suggests little dilution with native 

groundwater. 
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Removal between the river and RBF wells 10, 10A, and 12 (2.8 mg/L BDOC/anoxic) 

was nearly 80% for gemfibrozil and just under 90% for naproxen (Figure 4.10). Removal of 

DEET was less than 45%. Sulfamethoxazole and diclofenac exhibited less than 25% 

removal, with DEET showing considerable variation in removal effectiveness. Between the 

RBF combined filtrate (ARR basin influent) and the closest monitoring wells, MWA 25A 

and MWA 28A (estimated travel time 2 and 5 days, respectively and 0.4 mg/L BDOC/oxic), 

gemfibrozil and naproxen were consistently removed to below the detection limit. Notably, 

diclofenac was present at low levels (<100 ng/L) in the river and was poorly removed in RBF 

wells 10, 10A, and 12. The RBF combined collector, which feeds the ARR and is diluted 

with native groundwater, contained ~20 ng/L diclofenac. The compound was not detected in 

any ARR monitoring or production wells, but removal may have been due to photolysis, as 

diclofenac was not detected in a sample taken from the infiltration basin at the end farthest 

from the influent weirs (data not shown). Photolysis of diclofenac is well documented (Buser 

et al., 1998). Furthermore, diclofenac showed negligible sorption to the field soil and the 

field clay in the batch sorption experiments. Sulfamethoxazole was removed substantially 

better in the low-BDOC/oxic ARR, being more than 80% removed compared to less than 

25% on average during the high-BDOC/anoxic RBF. This removal confirms reports that 

sulfamethoxazole is removed most effectively under oxic conditions (Wiese et al., 2011; 

Baumgarten et al., 2011) as well as the findings of the laboratory-scale soil column 

experiments. DEET removal during ARR was highly variable and not significantly different 

than during RBF, although the variation shows that in some cases it was removed better 

during ARR. 
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Figure 4.10: Percent removal of moderately degradable compounds after RBF (5-10 days 

HRT) compared to removal demonstrated by ARR monitoring wells (2-5 days HRT). 

 

The RBF site, though initially oxic, quickly became anoxic. Thus, the RBF is 

analogous to the high-BDOC/suboxic soil column system. The ARR site, in contrast, 

exhibited conditions very similar to those tested in the low-BDOC, oxic column experiment. 

As seen in the soil column simulations, low-BDOC/oxic conditions facilitated exceptional 

removal of moderately biodegradable CECs compared to anoxic conditions. 
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Chapter 5. CONCLUSION 

5.1 Clay as a Geosorbent  

Sorption of atenolol to clays has been reported previously (Schaffer et al., 2012) as 

well as to clay loams and sandy clay loam soils, with log Kd values greater than 1 (Teerlink, 

2012). Clays have also been demonstrated as effective geological barriers for a number of 

xenobiotic hydrocarbons in landfills (Sanchez-Jimenez et al., 2012). Upon sorption, organic 

molecules may react with the mineral surface. Organophosphate ester pesticides (structurally 

similar to organophosphate ester flame retardants such as TCEP and TCPP) are hydrolyzed 

by the Bronsted acidity of clays, and aromatic compounds can be oxidized by Lewis acidity 

of clay minerals (Soma and Soma, 1989). The sorption batch experiments discussed in 

section 4.1 provide further evidence for sorption of CECs to clays. These results also show 

that sorption to clay is an unlikely explanation for the improved performance of the low-

BDOC/oxic column experiment with respect to removal of diclofenac, gemfibrozil, 

naproxen, and sulfamethoxazole. Batch sorption isotherm experiments conducted by Teerlink 

(2012) with regards to onsite wastewater treatment systems also confirm that sorption of 

sulfamethoxazole to organic matter is negligible. Desorption-inducing soil blanks show that 

certain compounds, especially DEET and the flame retardant TCPP, prove persistent and 

may eventually break through if sorption sites are exhausted. Additional isotherm 

experiments should be completed to assess the sorptive capacity of these soils, and will 

provide valuable insight regarding the sustainability of CEC removal by clays in MAR 

sediments. 
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5.2 Key Boundary Conditions Affecting Removal Performance  

The concentration of BDOC as well as the prevailing redox condition was shown to 

control CEC removal performance both at the lab and field scale. Because BDOC and redox 

conditions are tightly linked through electron donor/acceptor interactions, if the effects of 

both BDOC concentration and redox state on CEC removal are known, a relationship can be 

made between CEC removal performance, BDOC, and redox conditions. 

5.2.1 Redox effects 

Oxic conditions with low-BDOC influent substantially improved the removal of 

moderately degradable compounds. For certain compounds such as diclofenac, this finding 

contrasts findings in the literature. However, Wiese et al. (2011) suggests that correlations 

between redox and removal efficiency from the field should receive caution because of 

factors such as subsurface mixing with different water qualities and different residence times. 

This caution has been reiterated in the case of sulfamethoxazole, as field studies reported 

better removal under anoxic conditions but later laboratory soil column studies demonstrated 

that removal was most effective under oxic conditions (Baumgarten et al., 2011). The three 

RBF and two ARR wells at the Brighton field site investigated in this study have minimal 

impact from native groundwater as was determined by inorganic fingerprinting, temperature, 

and flow rates (data not presented), representing ideal conditions for field evaluations. 

Rauch-Williams et al. (2010) conducted soil column experiments and reported that 

diclofenac was best removed under anoxic conditions. However, the residence time was six 

days in the anoxic column compared to less than one day in the oxic columns. Interestingly, 

while their results show little removal in the aerobic columns receiving hydrophobic acids 

and effluent organic matter as primary substrate, the aerobic column receiving hydrophilic 
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carbon as substrate removed diclofenac to below detection limit (Rauch-Williams et al., 

2010). This result was not expanded upon in their discussion, but provides insight that certain 

substrates may trigger the removal of this compound. 

5.2.2 Effect of Primary Substrate 

As shown by soil column experiments and confirmed by field results, BDOC in the 

influent also controls CEC removal efficiency. Li et al. (2012, 2013) reported that reduced 

BDOC and the corresponding shift towards more refractory primary substrates such as humic 

material results in a more diverse microbial community. Soil column results in the recent 

study show that BDOC-limited influent resulted in substantially improved CEC removal in 

nine days of travel time as compared to a high-BDOC influent after 14 days of travel. 

However, Li et al. (2013) also revealed that diversity converges with depth, suggesting that 

after sufficient retention time, BDOC is depleted and both high-BDOC and low-BDOC 

columns should exhibit similar diversity. Therefore, if diversity is the only controlling factor, 

after extended travel both high- and low-BDOC columns should perform similarly. As this 

similarity has not been observed within this study, diversity alone did not account for the 

enhanced performance of the low-BDOC column system at extended travel times.  

In addition to driving diversity, the level of influent BDOC also heavily influences 

the system’s redox state. DOC is an electron donor, and as it is consumed requires electron 

acceptors. As electron acceptors are depleted during metabolism of DOC, the redox state of 

the system moves from an oxic setting towards suboxic and anoxic states. As shown by the 

soil column experiments, redox is also a major controlling factor for CEC removal, with the 

best performance under oxic conditions. Thus, while diversity may converge with depth, the 

redox state of the system will differ depending on the amount and makeup of carbon present 
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in the initial feed.  illustrates the change in redox conditions towards lesser oxidative 

potential with increasing depth when supplied with high amounts of BDOC in the influent, 

compared to preserved oxic conditions and higher oxidative potential throughout the depths 

of a soil column supplied with low-BDOC influent. 

 

Figure 5.1: Oxidative potential decreases with column depth under High BDOC Feed, 

compared to preservation of oxic conditions and high oxidative potential under Low BDOC 

Feed. 

 

The result of what is likely a diverse microbial population living under preserved oxic 

conditions was seen in both the low-BDOC/oxic column experiment and the ARR segment 

of the field site. Both at the laboratory-scale and the field-scale, oxic carbon-starving 

conditions resulted in exceptional removal of moderately degradable compounds at short (<5 

days) travel times. These findings reflect detailed studies on BTEX degradation, where 

attenuation rates have been shown to increase more than three-fold in the presence of 

sufficient DO compared to suboxic conditions (Leahy and Olsen, 1997). Nitrate has also 
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proved a powerful electron acceptor, maintaining more than 30% greater reaction rates when 

DO is depleted compared to if nitrate was not present (Leahy and Olsen, 1997). However, 

BDOC concentration and redox state alone do not completely explain the enhanced removal 

demonstrated by the low-BDOC/oxic conditions.  

Based on soil column experiments applying water from Lake Tegel in Germany to 

technical sand media, Baumgarten et al. (2011) suggest a half-life of sulfamethoxazole from 

1 to 9 days under aerobic conditions. The shortest half-lives were found only after sufficient 

adaptation time and with elevated spike concentrations (3-4 μg/L) which are an order of 

magnitude greater than were used in this study. Baumgarten et al. (2011) attributed the 

enhanced performance at higher sulfamethoxazole concentrations to a selection pressure 

caused by the compound, which may foster biomass capable of degrading sulfamethoxazole. 

It may be that these soil column experiments, due to the use of technical sand, may require 

additional time and selection pressure to promote such a capable biomass than would be if 

field sediments were used. Also, Li et al. (2013) postulate that a diversity of substrates at 

relatively low concentrations increases overall metabolic function by fostering the expression 

of a wide array of enzymes needed for degradation of specific substrates. Data presented in 

Rauch-Williams et al. (2010) support this notion. In their study, interesting dependencies can 

be found between specific substrates and the removal of certain compounds. For instance, 

gemfibrozil under oxic conditions was removed best with organic colloids and hydrophobic 

acids as substrate. Diclofenac, in contrast, was not removed under oxic conditions except 

when hydrophilic carbon was applied as substrate and the compound was rapidly removed 

(Rauch-Williams et al., 2010). Low-BDOC/oxic conditions, presented in section 4.2.3, 

removed both of these compounds by more than 80% in less than 3 days HRT. This 
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improvement could be a result of a diversity of substrates provided at low concentrations 

(Figure 4.2, Section 4.2.1), which in turn should deliver high metabolic diversity. 

While carbon-starving conditions have been demonstrated to result in improved 

removal performance, there is likely a threshold where insufficient carbon is present to 

sustain enough biomass for effective co-metabolism. For example, the highly toxic 

disinfection by-product NDMA is degradable by MAR systems under most conditions, but 

has proven persistent in direct-injection settings with water treated by reverse-osmosis (RO) 

(Mitch et al., 2003). The extremely-limited carbon present in RO permeate and in deep 

aquifers may simply be inadequate for supporting the requisite biomass for degrading the 

compound, a hypothesis demonstrated in column experiments (Nalinakumari et al., 2010). 

Figure 5.2 qualitatively illustrates the intertwined relationship between influent BDOC, redox 

potential, and relative CEC removal efficiency. Shown as a gradient with red being high 

performance and blue showing low performance, CEC removal efficiency is best under oxic 

conditions with low-BDOC concentrations, but drops off sharply as BDOC concentration 

approaches zero. High-BDOC conditions show low CEC removal performance due to 

reduced metabolic diversity and diminished redox potential. 

Further experiments could quantify the relationship between influent BDOC, redox 

potential, and CEC removal performance with better resolution by pinpointing the low-end 

threshold of BDOC and measuring performance at a more-detailed range of conditions. The 

qualitative depiction of this relationship still proves very useful by providing guidance to 

those designing MAR systems. Exploiting the relationship portrayed in Figure 5.2 will result 

in greatly enhanced efficiency at the field-scale, an effectiveness that may necessitate review 

of currently existing and proposed regulations concerning MAR design. 
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Figure 5.2: Qualitative illustration of the relationship between oxidative potential, BDOC, 

and CEC removal efficiency. Highest removal is shown in red, lowest is shown in blue. 

  

5.3 Implications for Engineered Systems 

Results from the field and from soil column experiments show that MAR 

performance is dictated by relevant boundary conditions. The retention time needed to 

degrade CECs during MAR is thus purely a function of the conditions during infiltration. 

Arbitrary regulatory requirements such as minimum residence time and setback distance of 

wells will therefore not translate into guaranteed minimum performance, because if the 

conditions are not optimal, many CECs will prove persistent. It is also critical to note that 
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maximum TOC limitations, as proposed by CDPH (2011), may decrease MAR performance 

if the lower threshold of BDOC is passed, and not enough carbon is present to support an 

effective microbial population. Although constant monitoring of performance-based 

indicators is expensive and not always feasible, results from the field and soil columns 

suggest that measurements of surrogate bulk organic parameters such as UV and DOC, 

combined with surrogate redox parameters such as Mn and NO3
-
 could be used to indicate 

whether or not optimal performance is being maintained.   

Understanding the key factors controlling CEC removal performance during MAR 

allows for systems to be engineered for optimal efficiency, resulting in improved removal of 

CECs at shorter travel times. By operating at shorter retention time, such designs also allow 

for smaller physical footprints relative to yield. The Brighton, CO field site was designed as a 

two-step RBF/ARR system to allow fast-paced construction with minimal permitting in the 

face of drought (BHFS, 2013). In spite of the intentions behind the design, the RBF/ARR 

hybrid contains unintended features that result in improved treatment performance. The 

sequence of redox zonation: oxic/high-BDOC, suboxic/high-BDOC, anoxic/low-BDOC, 

oxic/low-BDOC, features the most-favorable conditions for a variety of water quality goals 

in one treatment train (Figure 5.3). A hybrid RBF/ARR can use highly impaired source water 

and provide effective TOC removal, reduced regrowth potential, denitrification, pathogen 

attenuation, manganese removal, and effective removal of a variety of CECs. All of these 

water quality benefits are delivered with no chemical addition, minimal maintenance, and a 

low energy footprint compared to other advanced treatment strategies. 
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Figure 5.3: Schematic representation of a hybrid RBF/ARR system, where water of impaired 

quality is retrieved through RBF and subsequently fed into ARR. 

 

5.4 Future Research 

 Additional isotherm experiments should be conducted to further quantify the sorption 

of CECs to a variety of clays. Detailed soil column experiments should be performed to 

quantify the location of the low threshold and the relationship between BDOC, redox 

potential, and CEC removal performance. Additional soil column studies should also 

examine how CEC removal is affected by specific substrates at low concentrations compared 

to a diverse substrate at low concentrations to further elucidate substrate-driven effects. If the 

above studies were combined with powerful genomic, transcriptomic and proteomic 

techniques, the results and their implications would be profound. 
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APPENDIX 

 

Figure A. 1: Layout of soil column set-ups used in laboratory experiments (taken from 

Hoppe-Jones, 2012). a) Soil column systems C1 (anoxic) and PC (suboxic), b) soil column 

C2. Column C4 is similar in set-up to b), but is flow is bottom to top and the column is 4.5m 

long. The feed solution for C4 is as discussed in section 3.4. 
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Figure A.2: Location of monitoring wells MWA 25A and MWA 28A in relation to the 

infiltration basin (left) and nearby production wells (red stars) at the ARR site in Colorado. 

 

 


