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Prarthana Pradhan

ABSTRACT

Soil aquifer treatment (SAT) during managed aquifer recharge has been studied as a
method of providing additional environmental barriers to pathogens and contaminants in indirect
potable reuse (IPR) applications. A soil column study was conducted by Hampton Roads
Sanitation District in order to evaluate the effectiveness of SAT, as a component of its IPR
project involving the replenishment of the Potomac Aquifer System (PAS), in providing a
sustainable source of drinking water. Four packed soil columns were constructed with sand from
the PAS and were designed to simulate the travel time of 3 days and 30 days. The tests
conducted aimed at evaluating pathogen removal (MS2, E. coli and Cryptosporidium oocysts);
evaluating attenuation of regulated (nitrate, nitrite, bromate, trihalomethane (THM), haloacetic
acids (HAA), organic carbon) and unregulated contaminants of concern that affect drinking
water quality. Effective pathogen removal was observed with 6 to 7-log removals of MS2 and E.
coli and 3 to 5-log removals of microbeads, used as a surrogate for Cryptosporidium. Removal
across 3 day columns was comparable to 30-day columns but the potential to achieve higher
removal with longer retention time was acknowledged. Nitrate, bromate, THMs and HAAs were
completely reduced in 30-day columns. Total organic carbon was removed at 25 — 35% in all
four columns. Seven out of the 106 contaminants of emerging concern (CEC) tested were
consistently detected in the column feed and effluent at concentrations greater than 100 ng/L;
some compounds showed potential for removal while no conclusive results were drawn for the

remaining compounds.
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GENERAL AUDIENCE ABSTRACT

Potable reuse is a sustainable solution to the increasing water demands of the present and
more so the future. Hampton Road Sanitation District (HRSD) aims to treat effluent from its
wastewater treatment plants using advanced treatment process for direct recharge of the Potomac
aquifer system. This is a method of indirect potable reuse termed as managed aquifer recharge
(MAR). MAR can provide additional environmental barriers to contaminants present in water
through a process of natural attenuation called soil aquifer treatment (SAT). A soil column study
was conducted at HRSD’s pilot scale facility in order to asses SAT under controlled conditions
at a meaningful scale. Attenuation of pathogens; regulated contaminants (nitrate, nitrite, bromate,
etc.) and contaminants of emerging concern was evaluated through the soil columns. The results
showed effective removal of most contaminants of interest which demonstrated that SAT
potentially improves water quality and meets public health standards in potable reuse

applications.
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1. INTRODUCTION
Water is a valuable resource which is consumed and replenished back into the

environment by the natural water cycle. However, meeting the current water demands and
tackling the issues of pollution is becoming increasingly strenuous. The rate at which water
naturally replenishes may not be sufficient to exceed the rapid rate of consumption while also
maintaining the quality required for potable use. Potable water reuse is a sustainable solution to
the problem of increasing water demands of the present and more so the future. This area has
been gaining momentum in recent years as the need for water reclamation is getting wider

recognition.

Water treatment processes including reverse osmosis and ultraviolet advanced oxidation
process (UV/AOP) among other processes, have been adopted for potable water reuse
applications often in combination. Managed aquifer recharge (MAR) is a method of indirect
potable reuse in which treated wastewater effluent is used to replenish groundwater resources.
Aquifer recharge provides a way of natural storage and an additional environmental barrier for
some contaminants that persist in the water after undergoing an advanced treatment train. This
natural attenuation of organics, contaminants and pathogens as water percolates through aquifer
material during MAR is termed soil aquifer treatment (SAT). (Bouwer and Rice, 1984;

Idelovitch and Michail, 1984; Trussell et al. 2018)

1.1 Project Background
The Sustainable Water Initiative for Tomorrow (SWIFT) project is a Hampton Road
Sanitation District (HRSD) initiative to replenish the Potomac aquifer system (PAS) using MAR.

A pilot study to treat HRSD wastewater treatment plant secondary effluent using advanced water



treatment (AWT) to meet drinking water standards and to recharge the PAS at 1 MGD was
initiated in 2018. Additional aims of SWIFT are to decrease nutrient load on the Chesapeake

Bay and to reduce land subsidence and salt intrusion.

Before implementing the replenishment program in full scale, HRSD conducted soil
column experiments to collect scientifically defensible data and perform analysis for the
evaluation of SAT as a requirement of the Underground Injection Control (UIC) permit. Soil
column study was the first phase of the SWIFT project. The SWIFT program extends to Phase Il
which involves the construction of a 1 MGD demonstration facility at HRSD Nansemond
Treatment Plant. The demonstration facility is constructed with the view to carry out the
replenishment program at a meaningful scale and demonstrate that the finished water meets
primary drinking water standards and is compatible with the PAS. The demonstration facility is
an extension of the pilot scale with a recharge well and monitoring wells at different radial

distances from the point of injection.

The recharge well screens the upper, middle and upper portion of the lower zones of the
PAS referred to from hereon as Upper Potomac aquifer (UPA), Middle Potomac Aquifer (MPA)
and Lower Potomac aquifer (LPA) respectively. The first multi-aquifer monitoring well is at a
radial distance of 3 day from the recharge well. There are three other conventional monitoring
wells for the UPA, MPA and LPA at a distance of 400 — 500 ft. After roughly 18 months of data
collection and analysis from the demonstration facility, HRSD plans to implement and construct

full scale SWIFT facilities.

The first monitoring well at a 3 day distance influenced the design decisions for the soil

columns. Soil column experiments are designed to simulate aquifer properties thereby allowing



the study of different solute transport mechanisms through the aquifer on a laboratory scale.
SWIFT soil column study involved a total of four columns out of which two soil columns were
designed and constructed to simulate the time required for recharge water to travel from the
injection well to the first monitoring well. These columns are referred to from hereon as “3-day
columns”. The other two soil columns were used to simulate a travel time of 30 day, and these
columns are referred to here as the “30-day” columns. For the latter, column design was

motivated by the UIC-based target of at least 1 log removal per month of travel time.

1.2 Objectives

The primary objectives of this soil column study were:

1. To evaluate removal of pathogens and pathogen indicators demonstrating at least
1 log removal of viruses per month of aquifer travel time and consider removal of

Cryptosporidium and E. coli.

2. To evaluate adsorption, transformation and degradation of total organic carbon
(TOC), dissolved organic carbon (DOC), nitrogen species, and contaminants of emerging

concerns (CECs).

3. To evaluate removal of disinfection by-products (DBPSs) with the injection of free

chlorine and mono-chloramine as disinfectant through the soil columns

The first step in the experimental plan was conducting tracer tests on each column to
determine properties of the columns such as porosity, dispersivity and actual travel times. The

second step was carrying out pathogen tests which involved spiking the feed water with MS2



(representative virus), E. coli (representative bacteria) and microbeads (surrogate for

Cryptosporidium) along with sampling and analyzing the column effluent for breakthrough.

After the pathogen challenge tests, the plan was to disinfect the feed to a set of 3-day column and

30 day column with chlorine and the other set with monochloramine at a residual concentration

that provides the required Ct value. This allowed for the evaluation of the formation and

subsequent reduction of DBPs across the columns along with the evaluation of the fate and

transport of solutes such as nitrogen species, organic matter and emerging pollutants while

simulating recharge conditions.
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2. LITERATURE REVIEW

As the water demands are exponentially increasing, the focus is increasingly shifting
towards potable reuse practices. Managed aquifer recharge (MAR) is one of the methods of
indirect potable reuse which involves replenishment of the groundwater using engineered
conveyances (EPA, 2017). MAR can be done with surface spreading basins or by direct injection
into the aquifer. Few facilities like Los Alamitos Barrier Water Replenishment District of
Southern California/Leo J. Vander Lans Advanced Water Treatment Facility (LVLAWTF) are
conducting MAR through injection of reclaimed water; other facilities like Orange County
Groundwater Replenishment System (GWRS) Advanced Water Treatment Facility have
recharge basins for MAR application (EPA, 2017). MAR provides additional environmental

barrier for contaminants in water through soil aquifer treatment (SAT).

SAT allows for the natural attenuation and removal of organics, contaminants, and
microorganisms as water injected through managed aquifer recharge percolates through aquifer
material. As managed aquifer recharge is gaining more attention, increasing number of studies
have evaluated the effectiveness of SAT in potable reuse applications. The scale ranges from lab
scale soil column experiments to field studies at aquifer recharge sites. These studies primarily
focus on figuring out the fate and transport of various pollutants during MAR process;
determination of the reactions that occur in the aquifer and mechanisms that contribute to
attenuation of these pollutants; and understanding the conditions in which the attenuation takes
place. Trussell et al. (2018), Burke et al. (2013), and Patterson et al. (2009), to name a few, have
investigated the removal of selected micro-pollutants in soil columns while Scheurer et al.
(2009), Drewes et al. (2002) conducted field studies to look at pharmaceuticals and trace

organics removal through SAT. Wang et al. (2018) looked at bromate reduction in lab scale



column. Organic matter removal and transformation has been studied with soil columns by Zhao
et al. (2007) and in the field by Quanrud (2002). Several others have focused on the role of
specific conditions like the composition of organic substrate in the attenuation of trace organics
(Alidina et al. 2014) and the temperature and redox on organics and nutrients removal (Abel et

al. 2012).

2.1 Soil Column Design

Soil column experiments are designed to simulate aquifer properties thereby allowing the
study various solute attenuation mechanisms applicable to the aquifer. Several soil column
studies have been conducted in the past to evaluate attenuation of different pathogens and
contaminants. Optimizing the design and construction of soil columns requires several

considerations.

There are primarily two types of soil columns: packed (disturbed) and monolithic
(unpacked). In the case of packed columns, sand is extracted and homogeneously compacted
with water. The unpacked columns are intact extracts from the aquifer and do not need repacking
(Lewis et al. 2010). Although monoliths would provide the closest simulation of aquifer
conditions, undisturbed samples are difficult to obtain and comprise of more heterogeneity
compared to packed columns (Gibert et al., 2015). Packed soil columns ensure homogeneity and

can be constructed with bulk density similar to the natural site conditions (Lewis et al., 2010).

The exterior of the columns are typically made of rigid inert and non-corrosive material
to reduce any reaction with soil or water. Transparent material is preferred especially for the
construction phase since it allows visual inspection of the slurry (soil and water) while packing

the column. Most popular materials used for column construction are glass, PVC, acrylic and



stainless steel (Gibert et al., 2015). During operation, however, the columns can be covered to

avoid light penetration to prevent photolytic degradation of solutes.

The tubing used as influent and effluent lines of the columns also should be inert to
contaminants of interest. Tubing made of Polytetrafluoroethylene (PTFE) also called Teflon is
commonly used. Other types of tubing that may be used are made of high density polyethylene
(HDPE), polypropylene (PP), silicone, Tygon © etc. Hebig et al. (2013) conducted a study on
different tubing materials assessing their interaction with micro-pollutants. According to their
results, using silicone, Tygon ©, Pharmed ©, NBR70, and low density polyethylene (LDPE)
caused removal of some micro-pollutants tested; majority of the compounds were recovered

while using other materials. PTFE, PP, HDPE are therefore the recommended tubing material.

For the simulation of saturated aquifer conditions, the flow through the columns is
recommended to be in an upward direction. This allows for entrapped air bubbles to escape from
the top during construction and operation of the columns. High precision peristaltic pumps have

been typically used to produce pressurized up-flow of column influent.

Column set up, dimensions and operational procedures vary widely among different
experimental studies. The diameters of the columns reported in literature range from 0.02-0.36 m
and the heights are in the range of 0.05-2.4 m (Banzhaf and Hebig 2016). Ideally, the flow
through the columns is uniformly distributed across the diameter and unidirectional. It is
imperative to choose a suitable column height and diameter. Flow across the inner column
boundaries can create problems of preferential pathways in long columns with small diameters
while transversal dispersion can occur in columns with large diameter (Banzhaf and Hebig

2016). A diameter to height ratio of 1:4 has been recommended in a few column experiment



reviews. (Lewis and Sjorstorm, 2010, Gibert et al. 2015). In order to prevent preferential flow
paths or sidewall flows, the column diameter should be at least 40 times the average grain
diameter of the soil/sand (Fand and Thinakaran, 1990). A 40-100 grain diameter is a good
estimate for a representative elementary volume (REV) such that there is uniformity in volume,
shape and orientation across REVs in porous media. Subsequently the height is determined to
obtain the targeted travel time in the columns. Columns have been run in series as a means of
simulating extended travel times without increasing column dimensions (e.g., length but also

diameter).

2.2 Tracer Tests

Tracer tests are conducted in soil column experiments to determine properties of the
media such as effective porosity and dispersivity and to confirm an observed travel time through
the column. A tracer is a non-reactive dissolved constituent that is not subject to attenuation
through sorption or biological transformation and is used to determine the physical transport
properties of the soil column (Lewis and Sjorstorm, 2010). Anions are the most commonly used
conservative tracer (i.e., bromide, introduced as KBr). Sodium chloride and lithium chloride are

other ionic compounds used for tracer tests (Burke et al, 2013; Schyett et al., 2004).

2.3 Fate and Transport of Pathogens

Pathogen removal during aquifer recharge has important implications for advanced water
treatment and MAR. Gaining pathogen log removal credits can take off the load from treatment
processes like ozonation and disinfection. California, an early developer of regulations on
recycled water, requires 12-log reduction of viruses and 10-log reduction of both

Cryptosporidium and Giardia for potable reuse applications. California regulations published in



June of 2014 state that recycled municipal wastewater can be credited with 1-log virus removal

for each month that the recycled water is in the aquifer up to a 6-log reduction (CDPH, 2014).

Removal is a function of retention time, water quality (pH, organic matter concentration,
temperature, etc.), size of the pathogens, aquifer characteristics (porosity, homogeneity) among
others. Pathogens can be attenuated via different mechanisms namely straining, adsorption, and
decay. Several experiments have been conducted in the lab with columns and in the field at
managed aquifer recharge sites to study the effectiveness of soil aquifer treatment in removing
pathogens. Sidhu et al. (2015) has reported the average time for 1-log removal required for
bacteria as <3 days, oocysts as <120 days, and enteric viruses as 18 to >200 days for different
MAR sites. Elkyam et al. (2016) studied 30 years of aquifer recharge site in Israel and reported
>5 log-removal of Fecal coliform and complete removal of Enteroviruses in around 370 days of
travel time. Log removals of enteric viruses, bacterial pathogens and parasites vary across
different studies owing to the different travel times and site/column characteristics. Pang (2009)
compiled the average log removal achieved in various column experiments for different

microbes including E. coli, MS2, protozoa, etc.; a summary has been shown in Table 1.

Table 1 Summary of Lysimeter studies compiled by Pang (2009)

Microbe Average Log Removal/Meter
E. coli 8.2-9.6
MS2 phages 2.6-6.8
2.9 um microspheres 8.47
Protozoa 4.87

2.3.1 Characteristics
MS2 (Male-specific) is a single stranded RNA virus. It is a bacteriophage with a particle

diameter that ranges from 24-26 nm (Syngouna and Chrysikopoulos, 2011). The particle surface



is coated with hydrophobic protein; altering the bonds present in this coating can result in

inactivation. Since it cannot reproduce outside its host cell, MS2 will not replicate in waters with
negligible bacterial concentration. MS2 is used as a surrogate for waterborne viruses because it is
morphologically similar to pathogenic viruses such as poliovirus and hepatitis A virus (Nasser et

al. 1995) and is non-pathogenic.

E. coli is a gram-negative rod-shaped bacteria with the typical dimensions of 2 um length
and 0.25 — 1 um diameter. The optimum condition for E. coli to grow is at a temperature of 37°C
with the presence of carbon source (preferably glucose) and nitrogen source (preferably
ammonia). It is a facultative anaerobe. It inhabits the gut of mammals but it can also survive
outside the mammalian body. E. coli is a fecal coliform and acts as an indicator of fecal
contamination and of bacterial pathogens in water. There are different strains of E. coli some of
which are pathogenic. E. coli K12, MTCC433, and DH5a are some of the non-pathogenic strains

(Naganandhini, 2015).

Cryptosporidium is an obligate intracellular parasite. It resides in epithelial cells of host
organisms and is dependent on the host for survival. However, it can survive outside of the
organism for an extended time period forming an oocyst, which is a hard outer shell.
Cryptosporidium oocysts are 4-6 um in diameter and are resistant to chemical disinfectants
including chlorine (Carpenter et al., 1999). Using it for pathogen challenge tests requires high
concentration spikes which may not be feasible. Cryptosporidium oocysts are naturally lower in
concentration than other pathogens and culturing a high seed stock is difficult. They are also less
viable because of high cost and more stringent requirement for safe handling. Many studies have
used fluorescent microspheres as surrogates for pathogens (Harvey et al., 2015). Microspheres

are non-reactive and are available in different sizes with charged or uncharged surfaces. So
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microspheres that are similarly sized as a Cryptosporidium oocyst can be used. Negatively
charged microspheres like fluorescent carboxylated microspheres would be able to closely mimic
the physical and physicochemical removal mechanism of Cryptosporidium oocysts that are also
negatively charged (Dai and Hozalski, 2003). The uncharged microspheres would explain the
removal as a result of physical mechanisms only. Microspheres would also not demonstrate

inactivation and would act as conservative surrogates for pathogens like Cryptosporidium.

2.3.2 Transport and Attenuation Mechanisms

Advection is the transport of solutes with the bulk water. It is the dominant method of
transport in groundwater and in soil columns simulating groundwater flow (Banzhaf and Hebig,
2016). Dispersion occurs due to the porous media characteristics (Schwartz 1977). Flow through
porous media undergoes baffle effects which results in different flow pathways. Dispersion
causes the spreading of the solutes in both transverse and longitudinal directions. The effect of
dispersion increases with flow rate and scale of study (Banzhaf et al., 2016). Diffusion is a
mechanism driven by concentration gradient. At a low flow rate and/or a small scale, transport
through diffusion can play a significant role in the persistence of solutes in groundwater. The

combined effect of dispersion and diffusion together is termed as hydrodynamic dispersion.

Retardation is a measure of the extent to which the velocity of a solute is accelerated or
delayed compared to the velocity of the solvent. The formulaic definition of retardation is the
velocity of solvent divided by the velocity of solute (i.e., pore water). If the retardation value is
less than 1, the solute advective transport is greater than the rate of bulk fluid transport. In soil
column studies, this could result in a breakthrough of the solute prior to the residence time of the
column as determined by tracer breakthrough. Retardation is primarily a result of sorption
(Banzhaf and Hebig, 2016). Sorption is a combination of adsorption and absorption mechanisms.
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Desorption is the reverse mechanism in which compounds are released from the surface of the
adsorbent or the absorbent. Concentration of the compound, organic carbon content, ionic

charge, temperature, and pH of the fluid are some of the factors that affect sorption.

Straining is a mechanism in which particles cannot pass through pores smaller than their
size. It is a function of grain size of the media and the size of the particle. According to
Updegraff et al. (1983), when the average cell size of bacteria is greater than 5% of the grain size
that makes up the media, removal by straining is significant. Straining is also affected by the
flow rate through the porous media. The effects of straining decrease with the increase in pore
velocity. Relatively large flow rates in a soil column increase occurrence of flow through macro-
pores. Therefore, uniform distribution with constant loading rate is recommended to offset the
effects of high flow rate (Stevik et al. 2004). However, Sirivithayapakorn (2003) studied size
exclusion effect on transport of colloids and reported that the smallest pore throat to colloid size
ratio required for colloids to pass through was 1.5. This implies that even in the presence of

pores bigger than their size, compounds can be retained by the media.

Decay/Inactivation is a biological removal mechanism for pathogens. As discussed
earlier, different pathogens have different optimum conditions for growth. In the absence of
substrate for bacterial growth or host cells for viruses and parasites to replicate, they get
inactivated after a time period. The rate of decay is temperature dependent and typically is a first
order decay, although some studies have reported pseudo first order inactivation (Anders and
Chrysikopoulos, 2006; Sim and Chrysikopoulos, 1996; Chrysikopoulos and Vogler, 2004).
Inactivation rate of a pathogen in its suspended phase may be different than the rate in attached

phase.
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A number of studies have reported values of retardation factors, inactivation rates in the
suspended and/or attached phase of different pathogens including MS2, E. coli and
Cryptosporidium. Syngouna and Chrysikopoulos (2011) observed the retardation factors for
MS2 in the range of 0.81 — 1.05. Kinner et al. (1993) conducted experiments on microbeads in
the field at MAR sites and in the lab with soil columns and found the retardation value for

microbeads in the field to be 1.5 -1.7 and 0.53 — 0.63 in the soil columns.

Peng et al. (2008) reported the inactivation rate of Cryptosporidium in sterilized water at
a temperature of 4°C to be 0.0029 d™ and in soil to be 0.011 d*. Blausteina et al. (2013) studied
the temperature dependence of E. coli inactivation in different water matrices and found out the
koo values for groundwater, wastewater, agricultural, pristine, lake, river and coastal water. The
koo values ranged from 0.063 d™ for pristine water to 0.725 d™* for river water. Similarly, several
other studies have experimentally determined the rates for MS2 at different temperatures (see

Table 2).

Table 2: MS2 inactivation rates in the aqueous and solid phase reported in papers

k (dY
Temp (°C) Aqueous Solid
0.026° (static batch 0.15 (new sand)®; 0.03 (old
4 experiment) sand)®
15 0.060% 0.091° n/a
5 0.082"° n/a
25 0.12% 0.576° 0.288°

® Anders and Chrysikopoulos (2006); ° Schijven et al. (2003); ¢ Syngouna and Chrysikopoulos
(2011); * Mayotte et al. (2017)
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2.4 Fate and transport of solutes

Apart from pathogen removal, soil columns have been also studied for a range of
contaminants. These contaminants typically include nitrogen species, organic carbon,
trihalomethanes, haloacetic acids and various contaminants of emerging concern for MAR
studies. These are a combination of regulated and unregulated drinking water quality parameters

which is of significance to the evaluation of MAR as a method of potable reuse.

Nitrogen species including ammonia, nitrite, nitrate and Total Kjeldahl Nitrogen (TKN)
contribute to the nutrient loading to water sources. Furthermore, National Primary Drinking
Water Regulations imposes MCL of 10 mg/L for nitrate and 1 mg/L for nitrite in drinking water.
Elevated nitrate concentrations are known to cause methemoglobinemia, also commonly called
blue baby syndrome in infants (Bouchard et al. 1992). Nitrite can also cause damage to cells and
may be carcinogenic at high concentrations. Most utilities monitor and regulate their Total
Nitrogen (TN) level which encompasses regulation of all the nitrogen species. The
transformation of nitrogen species at MAR sites has been an area of interest for a few studies
(Miller et al. 2006 and Lee et al. 2005). Transformation reactions that are possible in the aquifer
are nitrification, denitrification, and dissimilatory nitrate reduction to ammonia. Nitrification is
carried out by autotrophic bacteria which convert ammonia to nitrite then nitrate under aerobic
conditions. It may take place in the vadose zone or in the upper layers of the aquifer’s saturated
zone where oxygen concentration has not been completely consumed. The conversion of nitrate
to nitrogen gas by denitrifying bacteria is called denitrification. The other pathway of nitrate
removal mechanism is dissimilatory nitrate reduction to ammonia (DNRA). Denitrification is
reported as the more common nitrate reduction mechanism compared to DNRA, although Teidje

(1988) states that DNRA is not as rare as is usually reported and has been observed to take place
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in anaerobic digesters (Kaspar et al. 1981) and anoxic sediments (Boon et al. 1986). Although
both mechanisms occur in anaerobic environments, there are conditions that select denitrifiers
over microbes that carry out DNRA or vice versa. A high total carbon to nitrogen ratio with a
low concentration of electron acceptors is reported to favor DNRA while the opposite is true for
denitrification. The vertical gradient of temperature, dissolved oxygen concentration, and
substrate availability in the aquifer provides a spectrum of conditions conducive for both

oxidizing and reducing microorganisms at different depths (Misra et al. 1974).

Organic matter in reuse systems can be characterized as natural organic matter (NOM)
already present in drinking water, synthetic organic compounds and soluble microbial products
(Drewes et al. 1999). TOC and DOC are used as parameters to measure organics in water.
Investigation of organics removal by soil aquifer treatment of wastewater effluent has shown
reductions in TOC ranging from 50 to 90% (Quanrud et al. 2003, Amy et al. 1993, and Wilson et
al. 1995). In another study conducted at the Sweetwater recharge facility in Tuscon, Arizona,
DOC attenuation of about 55 to 60% removal in 3 m depth was observed which increased to 80 —
90% removal in 38 m depth (Yoo et al., 2006). Attenuation of the relatively degradable portion
of TOC can occur in the soil columns through its utilization by microorganisms or through media

adsorption.

The concern related to TOC is that organic matter can be precursors for disinfection by
product formation. Recharge water is typically chemically disinfected with chlorine or
monochloramine to avoid biofouling in recharge wells and in some cases to achieve additional
disinfection. This leads to formation of disinfection by products which are potential risks to
human health. Total trihalomethanes (TTHM) and haloacetic acids (HAAS) are disinfection by

products suspected to be carcinogenic and are regulated at MCLs of 80 pg/L and 60 pg/L,
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respectively. While they can be formed in the recharge water, DBPs have also been observed to
be bio-transformed during aquifer recharge (Thomas et al. 2000). HAAs are more readily
degraded in the aerobic environments while anaerobic conditions favor THM degradation which
is a relatively slower process. (Quanrud et al. 2016). Formation of brominated DBPs is driven by
the bromide concentration in the water; chlorination of water with humic material is reported to
produce more brominated or mixed halogenated trihalomethanes (Pourmoghadas and Kinman,

2013). Brominated DBPs are known to be more toxic than chlorinated DBPs (Yang et al., 2014).

Table 3: Compounds categorized under TTHM and HAAS

Compounds

Total Trihalomethane (TTHM) Chloroform

Bromoform

Bromodichloromethane

Dibromochloromethane

Haloacetic acids (HAADB) Monochloroacetic acid

Dichloroacetic acid

Trichloroacetic acid

Monobromoacetic acid

Dibromoacetic acid

Bromate is also considered carcinogenic and is a disinfection by product of ozonation.
Bromide in the water is quickly oxidized to bromate in the presence of ozone. Ozonation has
been commonly used in conjunction with biofiltration in the upstream treatment process of
aquifer recharge in order to provide benefits of disinfection and assimilable organic carbon
(AOC) formation and subsequent oxidation in downstream biofilters (van der Kooij et al. 1989).
Bromate levels exceeding its 10 pg/L MCL can be formed and is not easily removed through
adsorption. Wang et al. (2018)° reported effective removal of bromate by denitrifying bacteria in
anoxic conditions in a lab scale study of MAR. Furthermore, bromate was also observed to be

reduced (abiotic reduction) by Iron (I1) in MAR systems (Wang et al. 2018)°. Chairez et al.
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(2010) reported bromate reduction by biogenic sulfide in batch bioassays which implies it can
potentially be removed by sulfide present in the aquifer though not much literature that have

investigated this reaction in soil aquifer treatment can be found.

A fraction of the solutes in highly treated water comprises of mostly refractory
compounds of emerging concern (CECs). These natural and synthetic compounds can be
categorized into pharmaceutical and personal care products, pesticides, herbicides, flame
retardants, hormones, food additives, and surfactants. Some of these compounds are not easily
biodegraded and hence persistent in the water systems. They have already been detected at very
low levels in various water sources. MCLs for emerging pollutants do not exist although some
are classified into candidate contaminant lists (CCL) and reviewed for regulatory requirements as
more information is gathered about their impact. There are also advisory limits indicated by
states like California for a few of these compounds; ex. NDMA and 1,4-dioxane. The attenuation
of these persistent, potentially harmful compounds has drawn a lot of research attention. Several
studies have focused on the contaminants of emerging concern (CEC) and their possible
attenuation in the aquifer. Banzhaf et al. (2012) studied sorption and biodegradation of
carbamazepine, sulfamethoxazole and diclofenac. Strauss et al. (2011) and Fan et al. (2011)
observed removal mechanisms for sulfamethoxazole and its metabolites. Other CECs that have
been considered in soil column experiments are Bisphenol A, 17 B-estradiol, 17 a —ethynyl
estradiol (Patterson et al, 2010), primidone, atenolol, meprobamate (Burke et al., 2013),

perfluoroalkyl acid (PFAA) (McKenzie, et al., 2016).

The dominant mechanisms of CEC attenuation in the soil columns are biodegradation and
adsorption. Sorption of compounds is a function of physico-chemical properties of the
compounds as well as the media. Low K, hydrophilic compounds adsorb less easily than
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compounds with high Koy. Many of the emerging contaminants of interest are organic and hence
the organic carbon content in the subsurface affects the adsorption rate of the compounds; the
higher the organic content higher the adsorption rate. Biodegradation is dependent on the
microorganisms carrying out the degradation and the conditions that favor their growth.
Retention time also plays a significant role in the biodegradability of compounds or rather the
ability of microbes to biodegrade. Longer retention times allow micro-organisms to be

acclimatized and be able to metabolize the compounds.

Several studies have focused on the attenuation of CECs during subsurface recharge.
Nham et al. (2015) studied the transport behavior of 16 emerging contaminants including
clofibric acid, ibuprofen, iohexol and carbamazepine in soil aquifer treatment by plotting
breakthrough curves for each compound using one-dimensional 1* order reactive transport
model. Attenuation mechanisms studied for some broad categories of emerging contaminants

have been enlisted in Table 4.
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Table 4: Removal Mechanisms for emerging pollutants

Compounds

Removal mechanism

1,4-dioxane

No anaerobic biodegradation observed in experiments or in
microcosms created with samples collected from two different
aquifers. Negligible effect of extended retention time on 1,4 -

dioxane degradation (Steffan, 2007). Advanced oxidation
processes such as UV- ozonation causes lysis (Stepien et al.,
2014)

Acrtificial Sweeteners (Sucralose and
Acesulfame-K)

Generally found to be persistent even after soil aquifer
treatment. Under aerobic conditions, slow and incomplete
mineralization of sucralose observed in lake water and in

sewage. Little to no mineralization observed under anaerobic
conditions (Scheurer, 2009). Partial mineralization by
microbes through co-metabolic processes has also been
reported. (Labare and Alexander, 1994). No effective
sorption of sucralose (<5%) to soil reported in a test using
autoclaved soil. Acesulfame-K degraded up to 20% after
chlorination (Soh et al. 2011)

lodinated compounds (lohexal,
lopromide)

Negligible removal observed in aerobic conditions. Partial
removal observed in anoxic conditions. (Drewes et al. 2001)

NDMA

Mineralization possibly carried out by microbes since it
occurred under both aerobic and anaerobic incubations.
Conditions that favor removal — microaerobic and neutral pH.
Sorption was insignificant in soil samples from aquifer.
(Gunnison et al. 2000)

Estrogens (Estradiols, estrones, estriol,

Potential degradation by nitrifiers (Layton et al. 2000)

Xenoestrogen)
Antiepileptic drugs (Carbamazepine, Fairly persistent and no significant indication of removal even
Primidone) after 6 years of subsurface recharge (Drewes et al. 2002),

advanced oxidation processes might be effective

Analgesic and anti-inflammatory drugs
(Ibuprofen, diclofenac, acetaminophen,
Ketorolac)

Good removal via biodegradation demonstrated in SAT
(Drewes et al. 2002)

Flame retardants (TCEP, TCPP)

Negligible removal in short travel times in the vadose zone
(travel time <3 days); 50 — 80% removal in the lower aquifer
with travel time of 60 days (Laws et al. 2011). This may be
indicative of biodegradation occurring in anaerobic conditions.

Perfluorinated compounds

Resistant to chemical or biochemical degradation. Possible

(PFOA/PFAS) attenuation mechanisms in groundwater are adsorption to
aquifer solids or dilution caused by dispersion. (Xiao et al.
2015)
Caffeine Non-conservative. Degraded after ozonation. (Soh et al. 2011).

Quick degradation (~16 h) observed in MAR study; adsorption
was seen but biodegradation was the dominant mechanism
(Alidina et al. 2014).
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3. MANUSCRIPT 1: EVALUATION AND MODELING OF PATHOGEN

REMOVAL IN SOIL COLUMN EXPERIMENTS

ABSTRACT

Managed Aquifer Recharge (MAR) is a method of indirect potable reuse which can
provide additional environmental barriers to contaminants present in water through a process of
natural attenuation termed as Soil Aquifer Treatment (SAT). Evaluation of SAT is critical in
assessing MAR as a means to provide a sustainable source of drinking water. Soil column study
is one of the ways to evaluate SAT at a meaningful scale. Experiments with soil columns were
conducted at a pilot facility in Hampton Road Sanitation District (HRSD)'s York River
Treatment Plant with the view to determine the effectiveness of MAR in the removal of different
contaminants of concern. Four soil columns were constructed using sediment from the Potomac
Aquifer System and were designed to simulate two different travel times of 3.2 days and 30 days.
One of the primary objectives of the soil column study was to confirm that 1 log virus removal
could be achieved with 1 month of aquifer travel time in accordance with California’s regulation
and to evaluate similar removal of Cryptosporidium and E. coli. Pathogen challenge tests
including MS2 as a representative virus, E. coli as a representative bacteria and microbeads as a
surrogate for Cryptosporidium were conducted on all four columns. 6 to 7-log removals of MS2
and E. coli and 3 to 5-log removals of microbeads were observed. Log reduction values were
higher for longer retention time of 30 days. A model using advection-dispersion equation and
analytical solution for reactive solute was also used to fit the measured pathogen data for a better
understanding of pathogen attenuation mechanisms. The model could not accurately quantify the

removal rates attributed to adsorption and decay of the pathogens primarily because the
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measured column effluents were either very low or were below detection. Nonetheless, effective
pathogen removal was seen in the soil columns, which has important implications in terms of
getting disinfection credits for potable reuse applications. Data from this soil column study
provided a basis for the future implementation of the recharge program at full scale SWIFT

facilities.
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3.1 Introduction

Potable reuse is a sustainable solution to the problem of increasing water demands of the
present and more so the future. Water treatment processes including reverse osmosis, ultraviolet
advanced oxidation processes (UV/AOP) have been adopted for potable water reuse applications
often in combination. Managed aquifer recharge (MAR) is a method of indirect potable reuse in
which water from various sources including reclaimed water is used for groundwater
replenishment. Aquifer recharge provides a way of natural storage and an additional
environmental barrier for some contaminants that persist in the water even after undergoing an
advanced treatment train. This natural attenuation of organics, contaminants and pathogens as
water percolates through aquifer material during MAR is termed Soil Aquifer Treatment (SAT).

(Bouwer and Rice, 1984; Idelovitch and Michail, 1984; Trussell et al. 2018)

As managed aquifer recharge is gaining more attention, increasing number of studies
have evaluated the effectiveness of SAT in potable reuse applications. The studies range from
laboratory-scale soil column experiments to field studies at aquifer recharge sites. Soil columns
enable the evaluation of SAT at a manageable scale which then provides a basis for
implementation on a full scale. Ideally soil columns are designed to be homogeneously packed
with longitudinal direction of flow and uniform distribution across the column diameter in order
to get a close representation of the aquifer conditions while also maintaining the analysis
manageable at a lab scale. Several considerations are required in the design of the columns to
achieve this. These include the construction aspects such as the material used to make column
exteriors, pumps and tubing; method of packing; dimensional considerations like diameter and

height as well as operating conditions such as flow rate and travel times.

22



There are primarily two types of soil columns: packed (disturbed) and monolithic
(unpacked). In the case of packed columns, sand is extracted and homogeneously compacted
with water. The unpacked columns are intact extracts from the aquifer and do not need repacking
(Lewis et al. 2010). Although monoliths would provide the closest simulation of aquifer
conditions, packed soil columns ensure homogeneity and can be constructed with bulk density

similar to the natural site conditions (Lewis et al., 2010).

Pathogen contamination in drinking water is a serious health issue and subsequently
pathogen attenuation during MAR is a pivotal area of interest from a health regulatory
standpoint. MAR provides additional environmental barriers to pathogens present in the water.
The state of California, which is currently at the fore front of potable reuse regulations, requires
12-log removal of virus and 10-log removals of both Cryptosporidium and Giardia for potable
reuse. According to California regulations published in June 2014, 1-log virus removal can be
credited for each month the recycled water is in the aquifer, up to 6-log reduction (CDPH, 2014).
In the light of this regulation, several experiments conducted with soil columns and in the field at
managed aquifer recharge sites have focused on studying the effectiveness of soil aquifer
treatment in removing pathogens. Log removals of enteric viruses, bacterial pathogens and
parasites vary across different studies owing to the different travel times and site/column
characteristics. The findings for pathogen removals as observed by different studies have been

tabulated in Table 5.
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Table 5: Removal of different pathogens observed in various studies

Reference

Scale of study

Observation

Sidhu et al. (2015)

Field study including four
different aquifer recharge sites

Average time for 1-log removal
for bacteria:<3; oocysts:<120
days; enteric virus:18 to >200

days

Elkayam et al. (2016)

Aquifer recharge site in Israel
operating for 30 years

Fecal coliform:>5-log removal
after 17 days of travel time;
Enterovirus: complete removal in
370 days of travel time

Santamaria et al. (2011)

Column study with lysimeter and
packed column

Cryptosporidium: 2 to 5-log.
Reduction increased with
increase in residence time.

Hijnen et al. (2005)

Soil columns with soil extracted

from aquifer recharge (AR) site

and river bank filtration (RBF)
site

MS2: 3.3-log, 2.2-log; E. coli:
4.7-log, 4.2-log;
Cryptosporidium: 3.9-log, 3.3-
log; Giardia: 6.2-log, >6.2-log @
0.5 m/d, 0.9 m/d in columns
filled with soil from AR site;
higher removals observed in soil
from RBF site

These attenuations are primarily attributed to effects of straining adsorption and

biological inactivation. Although field studies better represent the fate and transport of pathogens

during MAR, the low concentration of pathogens on site and the risk associated with

contaminating the sites with high concentrations of pathogens required for attenuation studies,

makes them less feasible compared to soil columns (Hijnen et al. 2005).

Column set up, dimensions and operational procedures vary widely among different

experimental studies. The diameters of the columns reported in literature range from 0.02-0.36 m

and the heights are in the range of 0.05-2.4 m (Banzhaf et al., 2016). Ideally, the flow through

the columns is uniformly distributed across the diameter and unidirectional. It is imperative to

choose a suitable column height and diameter. Flow across the inner column boundaries can

create problems of preferential pathways in long columns with small diameters while transversal

dispersion can occur in columns with large diameter (Banzhaf et al. 2016). A diameter to height
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ratio of 1:4 has been recommended in a few column experiment reviews. (Lewis and Sjostrom
2010, Gibert et al. 2014). Also for the simulation of saturated aquifer conditions, the flow
through the columns is recommended to be in an upward direction. This allows for entrapped air
bubbles to escape from the top during construction and operation of the columns. After the
construction, analysis is also required to verify important parameters of the soil column such as
effective porosity, dispersivity and the actual retention time in the columns. This is done with the
help of tracer tests where non-reactive compounds such as chloride and bromide are spiked in the
influent of the columns and their breakthrough is observed and analyzed in the column effluent.
In order to prevent preferential flow paths or sidewall flows, the column diameter should be at

least 40 times the average grain diameter of the soil/sand (Fand and Thinakaran, 1990).

Soil columns enable the evaluation of soil aquifer treatment at a manageable scale which
then provides a basis for implementation on a full scale. This column study was the first phase of
Hampton Road Sanitation District (HRSD) Sustainable Water Initiative for Tomorrow (SWIFT)
project. HRSD plans to treat effluent from seven of its wastewater treatment plants with
advanced water treatment processes to comply with drinking water standards for indirect potable
reuse. Four soil columns were built at HRSD’s York River Treatment Plant pilot facility to
simulate two different travel times of 3 days and 30 days. The primary objective of this soil
column study was to simulate the conditions in the Potomac Aquifer System (PAS) with the
view to confirm the CA regulation of crediting at least 1 log virus removal for 1 month of aquifer
travel time during subsurface recharge and to evaluate similar removal of Cryptosporidium and
E. coli. Although there have been several soil column experiments conducted to study pathogen
removal through porous media, there are few that have been conducted at a scale comparable to

this study. Demonstration of effective pathogen removal data at a meaningful scale has important
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implications in terms of getting disinfection credits for potable reuse applications. The results of
this study provided scientifically defensible data for the implementation of aquifer recharge
program at a 1| MGD demonstration facility at HRSD’s Nansemond Wastewater Treatment Plant

and the long term goals of constructing and operating full scale SWIFT facilities

3.2 Materials and Methods

3.2.1 Experimental Design

The set up for the soil aquifer treatment experiments consisted of four soil columns
designed to simulate two travel time intervals in the aquifer. Two columns were constructed to
match the estimated travel time of 3.2 days associated with the first monitoring well at a radial
distance of 15 m (50 ft.) from the SWIFT pilot recharge well (henceforth referred to as 3 day
columns). Two additional columns were constructed to represent 30 days of travel time
(henceforth referred to as 30 day columns). The decision of simulating 30 days of travel time
was made to evaluate California’s regulation of crediting 1 log-virus removal for a month that
water is in the aquifer. The diameter of all four columns was 0.305 m (1 ft.). The 3 day columns
were constructed 2.4 m in height and filled with aquifer sediment, primarily sand, to 2.3 m. The
30 day columns were 3.9 m in height and filled with aquifer sediment to 3.6 m. The column

properties for all four columns have been summarized in Table 5.

Table 6: Design parameters for soil columns

Column Travel Time Flow rate Total height in Depth of sand Diameter in
in days in mL/min meters (ft.) in meters (ft.) meters
#1 (30 day) 30 2.2 4.0 3.7 0.305
#2 (30 day)
#3 (3 day) 3.2 13 2.4 2.3
#4 (3 day)
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The sediment used to fill the columns was extracted from the Potomac Aquifer. Aquifer
sediment collected from the Potomac aquifer was washed thoroughly in a cement mixer and then
sieved through a 4 mm screen to remove drilling mud, clay, and larger debris. As the columns
were being filled with sediment, finished water from the SWIFT pilot was also added to saturate
the sand. The columns were tapped with a rubber mallet to improve compaction and release
trapped air. The exterior is comprised of 12-inch schedule-40 clear PVC. Clear PVC was
valuable during the construction of the columns to ensure that all air bubbles were removed. The
columns were then covered with 6-mm thick polyethylene plastic to prevent light penetration
that may have encouraged algal growth or photolytic chemical transformations not representative

of subsurface conditions.

The columns were designed for the study of saturated aquifer conditions. Influent water
was stored in 76 L (20 gal) PVC containers by Ace Roto-Mold, a division of Den Hartog
Industries, Inc. The containers were kept inside a refrigerator by Frigidaire with the capacity of
473 L (17 cu. ft.) and with temperature maintained below 4°C. The refrigerators were modified
to allow tubing to pass through the side walls. As shown in Figure 1, tubing ran from the
containers to the bottom of the soil columns and Masterflex ® L/S ® digital peristaltic pumps
fed water through the columns in upward direction. The type of tubing used for the experiment
was polytetrafluoroethylene (PTFE) semi-clear tubing (6.35 mm OD, 3.175 mm ID) by Teflon
®, the peristaltic pumps used Masterflex ® L/S ® Tygon tubing EW-06509-14 for 3 day
columns and EW-06509-13 for 30 day columns. The rate of the feed pump was 13 mL/min for
the 3 day columns and 2.2 mL/min for the 30 day columns. The flow rates were determined for

the specific travel times using a Lagrangian approach.
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The effluent emanated from the top of columns through the aforementioned, PTFE semi-
clear tubing that was connected to a fitting on the flange of the columns. Column effluent was
collected and stored in 19 L (5 gal) cubic containers in a separate refrigerator maintained at a
temperature of less than 4°C. Dissolved oxygen (DO) probes were installed at the top of each
column that allowed for continuous, real-time DO and temperature measurement of the effluent.
Ambient temperature was also measured to keep track of the changes in temperature. The
temperature in the columns was at a higher range of 26 — 30°C in the beginning of the
experiment (Oct. — early Nov.) and dropped to ranges of 25 — 21°C towards the end of the
experiment (Dec). The ambient temperature was consistently about 2°C lower than the

temperature recorded in the columns.
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Figure 1: Soil column set up
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The effluents from all four columns were collected in separate 19 L (5-gal) collapsible
containers stored in a refrigerator. The weight of the containers was measured for known time
intervals, typically 24 hours.

The influent to the soil columns was the SWIFT finished water derived from the pilot
advanced water treatment systems. The feed for the SWIFT pilot was the HRSD York River
Water Resource Recovery Facility effluent. SWIFT finished water undergoes several treatment
processes, including flocculation/sedimentation, ozonation, biofiltration, and UV- disinfection
that provided a source of highly-treated column influent consisting mostly of recalcitrant organic

compounds and nutrients.

FLOC/SED-OZONE-BAC-GAC-UVD-SAT

s 1 (I

Floc/Sed Ozone BAC GAC UvD SAT Columns

Figure 2: SWIFT pilot treatment process

3.2.2 Tracer Test

Tracer test was conducted on the columns after they were flushed at three times the
designed flow rates. Sodium chloride was used as a conservative tracer. Prior to the introduction
of the tracer, the feed water was first analyzed to determine the background concentration of
chloride and determine the amount of chloride to be added. The background chloride

concentration ranged from 150 to 225 mg/L. The influent was spiked with sodium chloride to
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obtain a concentration higher than the background (~500 mg/L). The duration of the continuous
feed of tracer was 4 days for the 3 day columns and 10 days for the 30 day columns. Following
the tracer addition, the columns were supplied continuously with SWIFT finished water.

Column effluent samples were collected for chloride analysis over a time interval to
capture the expected breakthrough of the chloride concentration for each of the four columns.
These samples were collected directly from the effluent tubing in 250 mL Nalgene bottles.
Column effluent was sampled and monitored until the chloride concentration decreased to within
10% of the background value.

Prior to the start of the tracer test, a linear correlation between conductivity and chloride
concentration was determined for the finished water. In a step-wise method, a known mass of
sodium chloride was added to a known volume of the finished water, and the conductivity was
measured. This step was repeated to obtain a range of chloride concentrations and the
corresponding conductivity values (Appendix- Figure 27). This established correlation was used
to calculate the chloride concentrations from the observed conductivity values of the column
effluents during the tracer test.

Tracer tests were conducted in two soil columns simultaneously. An online conductivity
probe by s::can (Vienna, Austria) was used to obtain continuous conductivity measurements of
one of the column effluents. The probe was connected to a meter which logged data into the
online PLC system at York River’s Pilot Plant. For the second column effluent, HACH CDC401
conductivity probe was used and conductivity readings were logged onto HACH HQ40D multi-

meter every 30 minutes. The column effluents were collected in 250 mL Nalgene bottles.
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3.2.3 Pathogen Test

Tracer tests were followed by microbial challenge tests. The study of the removal of
pathogens and pathogen indicators is a critical objective of this project. MS2 coliphage,
Cryptosporidium and E. coli were the pathogens and pathogen indicator of interest, respectively.
For all three pathogen tests, the spiked influent was prepared in batches by adding the required
stock volume to the feed and mixing manually with a plastic rod. The duration of the spiked feed
was 5 days for the 3-day columns (#3, #4) and 30 days for the 30-day columns (#1, #2). Influent

samples were collected every time a new batch was prepared until the duration of the spike.

3.2.3.1 MS2

A stock of MS2 with the concentration of 3.5x10™ PFU/mL was purchased from a lab
called GAP EnviroMicrobial Services Ltd. (Canada). The influent was spiked with MS2
coliphage to a concentration of 10’ PFU/mL in a 75 L (20 gal) polyethylene tank. Columns were
fed from a single source of influent to avoid variability. The background influent concentration
of MS2 was not measured but assumed to be negligible. Since MS2 has been reported to have
quick breakthroughs (Syngouna and Chrysikopoulos, 2011) the effluent sampling started a day
after the MS2 feed for the columns #3 and #4, and after 12 days of feed for column #1. Samples
were collected at a frequency of 2x/day. Samples were collected in 1L autoclaved HDPE bottles

and analyzed by HRSD’s Technological Services Division (TSD).

3.2.3.2E. coli

E. coli test was conducted after the MS2 test in one of the 3 day columns. There was
concern that following the MS2 test, MS2 adsorbed on the column media would interfere with
the E. coli. MS2 is a bacteriophage that infects E. coli and in the presence of MS2, E. coli

degrades at a faster rate. To avoid this, the 3 day column (#3) was amended with free chlorine for
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around 3.5 days, equivalent to one pore volume of injection in order to inactivate the attached
MS2. This was followed by flushing at twice the designated flow rate for an additional 3.5 days,
which was equivalent to flushing two pore volumes. This step was not required in the 30 day
columns, since the E. coli test and the MS2 test were simultaneously carried out in two different
columns.

For this test, a non-pathogenic strain of E. coli K-12 was used which was cultured at
HRSD’s Central Environmental Laboratory (CEL). The influent was spiked to the concentration
of 108 MPN/mL. For the effluent, a sampling schedule similar to MS2 was followed, again due to
possibility of an earlier breakthrough. Samples were collected in autoclaved 250 mL glass

containers and analyzed by CEL.

3.2.3.3 Microspheres

Microsphere test was conducted simultaneously in both of the 3-day columns and one of
the 30-day columns (#2). 3 um fluorescent microspheres were used as surrogates for
Cryptosporidium oocysts. These fluorescent microspheres are similar to Cryptosporidium
oocysts in molecular size. They act as conservative surrogates because they do not carry any
surface charge and hence would only be removed by physical mechanisms as opposed to the
Cryptosporidium oocysts which have negative surface charge and can be removed by physical as
well as physicochemical filtration. Fluorescent microspheres are less expensive and relatively
easier for safe handling. 3 um green colored fluorescent microspheres were purchased from
Thermo Fisher Scientific. Stock of microspheres was added to the finished water and stirred
manually to achieve the targeted concentration of 10° count/mL. The effluents were sampled.
The sampling frequency for effluent was once per day. . Samples were collected in 250 mL

HDPE bottles. In order to prevent the microbeads from sticking to the walls of the container,
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Polysorbate 20 (TWEEN 20) was added to the bottles prior to sampling. 2.5 mL of Polysorbate
20 was added to each bottle to achieve the recommended volume of 10 mL/L of sample
collected. The samples were analyzed by Biological Consulting Services (BCS) in Gainesville,

Florida.

Table 7: Concentrations of the influent for MS2, microspheres and E. coli and their
respective Method Reporting Limit (MRL)

Concentration of MRL Duration of spike
feed 3-day columns | 30-day columns
MS2 10" PFU/mL 1 PFU/100 mL 3 days 30 days
Microspheres 10° count/mL 1 count/10 mL
E. coli 10° MPN/mL 1 MPN/100 mL

3.2.3.4 Biological Inactivation test

A separate experiment was conducted in order to determine the endogenous inactivation
rate of MS2 and E. coli in the aqueous phase. The experiment was conducted in a span of 9
weeks. Two different solutions were prepared for the two pathogens. Finished water was taken in
a container and spiked to around 10° PFU/mL of MS2; similar process was followed to obtain a
concentration of 10° MPN/mL of E. coli. The prepared MS2 and E. coli solutions were poured
into 500 mL autoclaved HDPE containers and 250 mL sterilized glass containers respectively.
All containers used in this experiment were wrapped in aluminum foil to avoid light penetration.
They were kept in a water bath set at the temperature of 20°C. One sample container each for
MS2 and E. coli was sent to the lab for analysis every week for 9 weeks. The time that the
container was taken out of the foil for analysis was recorded and used to calculate the time
elapsed between the sample analyses. The concentration data were then plotted with respect to

time and a first order decay curve was obtained.
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3.2.4 Data Analysis and Modeling
A one dimensional solute transport model was prepared in Microsoft Excel to analyze
transport and attenuation of the tracer and the pathogens. The model was comprised of the

advection-dispersion equations of mass balance for transport in porous media.

3.2.4.1 Non-Reactive Model
A conservative model was used for the tracer data analysis. Because the tracer is a hon-
reactive solute, this model only accounted for advective-dispersive solute transport and did not

incorporate adsorption or transformation as removal mechanisms.

The general equation is:

D, 25— v, 3 = REC )
BC C(0,t) =C, fort>0

C(eot) =0 fort>0
IC C(x,0)0=0 forx>0

The equation incorporates the velocity of the water (vy), concentration of solute (C), time
elapsed (t), longitudinal distance (x), and dispersion coefficient in liquid (D.). The dispersion

coefficient is a product of the dispersivity value (o) and the velocity of the water.

The additional parameter is the retardation factor (R). The equation that defines the
retardation factor is:
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R=—= (1.2)

Retardation factor accounts for the lag in the velocity of solutes (v¢) compared to the
velocity of water (vy) due to the effects of adsorption. Using this relation, Equation (1) can be

modified as:

a%C ac
DCaZ_vCax ot (2)
However, the tracer does not get adsorbed to the media. So the retardation factor in the
case of the tracer test was considered to be equal to 1. Therefore equations (1) and (2) would

essentially be the same in this case.

The exact solution of the differential equation (2) when the influent is continuous and the

influent concentration (C,) is constant is:

C(x,t) = & [erfc (x >+ exp (vcx) erf c(x Ve )l (2.1)
2 2,/D.t D, 2/D.t '

The exact solution for a varying source concentration (4C, # 0) has an additional term

and can be expressed as:

_ G x+vct\| 4G, x—vc(t—ty)
C(x,t) = . [erf ( >+ xp( ) erfc ( )] . [erfc(—2 Dc(t_to)>+
+vc(t—to)
e () erfe (F5=2) @2
Where, 4C, is the reduction in the source concentration at time t = t, relative to the starting

boundary condition (C,). The concentration of the source varied in the four days and ten days
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that tracer was fed to the 3-day and 30-day columns respectively. Therefore solution (2.2) was

used for the data analysis.

The breakthrough of the model-predicted chloride concentration was a function of the
two primary input parameters namely effective porosity and dispersivity (ft.). Effective porosity
was used to directly calculate velocity. The input for each column was estimated using total
porosity and then adjusted to match the breakthrough time. Dispersivity was used to fine-tune the
match of the model to the rate of rise of the tracer concentration. Altering these parameters
altered the concentration of the solute and the values were plotted to obtain a breakthrough
curve. The influent and effluent concentration data analyzed by the lab were also put into the
model. The concentration of chloride calculated from the chloride-conductivity correlation was
also plotted. The goal was to match the concentrations predicted by the model with the actual
concentrations determined through analysis. The set of values that resulted in the best fit

breakthrough curve were considered the best estimates of these parameters.

3.2.4.2 Reactive model

For the reactive compounds, a modified form of equation (2) is used. This equation has
an additional parameter, A; Which is the effective first order decay rate of the compound. The
general equation is:

d%¢c ac _ ac

This decay rate constant accounts for decay of the solute in both aqueous phase (A,) and

in solid phase (As) along with removal via adsorption (R). It can be expressed as

de= A — 2 XY



The exact solution of this differential equation for a varying source concentration

(ACy #0) is:

Clut) = {exp [vc (1— F)] erfc ( \/_ ) +e p( (1+ F)) erfc <x+vct>} _

exp[ (1- F)] erfc (—x_vC(t_t")F> +

ACy 24/Dc(t—to)

VX x+v(t—ty)T (3'2)
exp (35 1+ D) erfe (S5
The parameter I in the above equation can be expressed as
JVc2+4A.D
[ = X< c¢°¢ (3.3)

Ve

With the knowledge that pathogens are subjected to removal through physical, chemical
and biological mechanisms, a non-conservative model was used for the pathogen test analysis.
The model was based on Solution (3.2). It predicted the concentration of pathogen depending on
the input parameters. The best estimates of effective porosity and dispersivity determined from
the tracer test analysis were used for all the following analytical models. The influent and
effluent concentration values analyzed by the lab were put into the model. The decay rate in
aqueous phase for MS2 and E. coli were experimentally determined through a biological
inactivation test the procedures of which has been detailed in Section 3.2.3.4, the decay rate in

solid phase and the retardation factors were values consulted from published literature.
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3.3 Results and Discussion

3.3.1 Tracer test

The results from the tracer test provided estimates of effective porosity and dispersivity
along with the verification of the actual travel times in the soil columns. The values for the four
columns have been summarized in Table 8. The estimated values of dispersivity, effective
porosity and the calculated travel times for all four columns were in accordance with

expectation.

Table 8: Dispersivity, effective porosity values and travel time of the soil columns
estimated by the model

30 day column 30 day column 3 day column 3 day column
(#1) (#2) (#3) (#4)
Dispersivity 0.12 (0.41) 0.08 (0.27) 0.13 (0.42) 0.05 (0.15)
inm (ft.)
Eff. Porosity 0.35 0.35 0.35 0.38
Travel time in 29.6 30.2 3.1 3.4
days

Dispersivity in lab scale soil columns with uniform grade size is usually close to 0.001 m.
0.0001 to 0.01 m is the typical range of longitudinal dispersivity values for column experiments
(Domenico and Schwartz, 1998). This holds true for column experiments conducted using
uniform grain size for the porous media. The higher dispersivity values in the range of 0.05 —
0.13 m observed in this study indicated that the porous media in the soil columns did not have a
uniform grain size distribution. This was also supported by the uniformity coefficient of
approximately 5 which was calculated by using sieve analysis data of the sand (Appendix —

Figure 28).
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The values of effective porosity were comparable for all four columns with the porosity
values estimated to be 0.35 for three columns and 0.38 for one column. This attests to the similar
compaction process used for all columns. Compared to the average porosity value determined for
the core samples taken from the aquifer which was approximately 0.28, these values are slightly
higher. The sand used to fill the columns was washed thoroughly to remove drilling mud
removing fine grained particles along with it. This could have resulted in the higher porosity in
the soil columns in comparison to the core samples which were undisturbed and had clay,

interstitial silts.

Table 9: Porosity results from core sample analysis at different depths of the
Potomac aquifer

Grain varieties Depth interval (ft.)
646 - 648 1051.6 —1063.6 | 1257 -1258.4 | 1315-1316.5
Intergranular porosity (%) 27 23 29.7 18.7
Secondary intragranular 3.3 4 2.7 0.3
porosity (%)
Grain-moldic porosity (%) 13 1 0.3
Intercrystalline microporosity 1 0.3 0.3 1.3
(%)
Total porosity (%) 32.6 28.3 20.3 33
Average porosity (%) 28.6

The travel times were calculated using the effective porosity values determined by the

model and the experimental flow rates for each column. The calculated travel times for both the

30 day columns and the 3 day columns were very close to the design travel times of 30 days and

3.2 days respectively.

3.3.1.1 Data Analysis and modeling

The model using advection-dispersion equation and its analytical solution for a non-

reactive solute worked well for the tracer test analysis. In general, there was concurrence
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between the lab measured chloride values, chloride concentrations derived from conductivity
values and the values determined by the model for both the 3 day columns (see Figure 3) and 30
day columns (see Figure 4).It has to be noted that in the case of the 30 day columns, the tail end
of the predicted chloride values were lower than the measured and conductivity derived chloride
values. A possible explanation for the slight deviation of observed data from the model predicted
curve was considered to be instrumental or analytical error in the measurement of chloride
concentration. Background concentrations in the influent were measured throughout the
experimental duration. When the background concentration measured on the 19™ experimental
day was increased by 50 mg/L the tail end of the model seemed to closely fit the observed
values. Additionally, mass recovery calculation was conducted for the tracer tests. The percent
difference in the mass of chloride in the influent and the effluent were determined to be in the
range of 2 — 4% for the 3 day columns. For the 30 day columns, the difference was calculated to
be 3 — 7%. The low values indicated that almost all the chloride fed to the columns during tracer
tests was recovered in the effluent. This verified that the chloride indeed acted as a non-reactive

solute and the tests were conducted with minimal error.
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Figure 3: Tracer breakthrough curve for 3-day columns #3 (a) and #4 (b). The data-
influent and data-effluent were chloride values measured in the lab and probe indicates
chloride values derived from continuous conductivity measurements.
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indicates chloride values derived from continuous conductivity measurements.
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3.3.2 Biological inactivation test

The inactivation rates in the aqueous phase for MS2 and E. coli were experimentally
determined in a separate batch inactivation test as has been detailed in Section 3.2.3. The natural
log of the observed concentrations was plotted against experimental time. Assuming the
biological inactivation of the pathogens to be first order decay the slope of these plots with linear
regression were considered to be inactivation rates in the aqueous phase (see Figures 5 and 6).
Agqueous phase inactivation rate for MS2 has been reported by various studies at various
temperatures; 0.027 d* @ 4°C (Peng et al. 2008); 0.576 d* @ 25°C (Syngouna and
Chrysikopoulos, 2011); 1.68 d™* @ 28.8°C (Anders and Chrysikopoulos, 2006). The observed
rate of 0.3 d™ @ 20°C fell within the range of 0.027 — 1.68 d™ for the temperature ranges of 4 —
28.8°C. As seen in Figure 5, an initial sharp decrease in the E. coli concentration was observed
which then turned linear. This pseudo-first-order-decay like phenomenon was seen for MS2
inactivation by few other studies (Anders and Chrysikopoulos, 2006; Sim and Chrysikopoulos,
1996; Chrysikopoulos and Vogler, 2004). For the purposes of this study, a simplified approach
was employed and only the linear portion of the plot was considered. Blausteina et al. (2013)
reported the E. coli inactivation rates in various water sources including pristine and groundwater
to be in the range of 0.063 — 0.725 d™*. E. coli inactivation rate of 0.099 d* observed here was
closer to the rate of 0.063 d™* seen in pristine water. This was seen as reasonable since this

experiment was conducted in highly treated water.
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Figure 5: Semi-log plot of E. coli concentration over experimental time measured in
a batch test conducted to determine biological inactivation rate of E. coli in aqueous phase
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Figure 6: Semi-log plot of MS2 concentration over experimental time measured in a
batch test conducted to determine biological inactivation rate of MS2 in aqueous phase

Table 10: Inactivation rates of MS2 and E. coli in agueous phase determined at

20°C
Pathogen k(dh) @ 20°C C/C, (Removal in %)
3 day column 30 day column
MS2 0.305 0.37 (63%) 0.0001 (99.99%)
E. coli 0.099 0.73 (27%) 0.051 (94.9%)
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Accounting for solely biological inactivation in the aqueous phase and assuming that the
decay rate stayed constant, there would be close to 100% pathogen attenuation in the columns
with 30 days of retention time as indicated by the C/C, values in Table 11. The columns with
shorter retention time of 3 days would have less time to get inactivated and therefore a lesser

fraction of the pathogen would have been inactivated in the aqueous phase in these columns.

3.3.3 Pathogen removal

The pathogen and pathogen indicator challenge tests demonstrated effective removals of
MS2, E. coli and Cryptosporidium (microbeads) through the soil columns. The goal to
demonstrate at least 1 log removal of virus for a month of travel time in the aquifer and to
confirm removal of Cryptosporidium and E. coli at a similar scale in accordance with California
regulations was met and exceeded by all four columns. Peak-concentration method of comparing
the highest detected value in the effluent with the average spiked influent concentration was used
for log removal determination in each case. This method has been used in a number of studies
estimate log removal as pointed out by Pang (2009). Although the calculated removals using this
method were reported to be usually higher than the ones calculated using mass recovery of
pathogens, the use of peak concentration method for this study was considered reasonable since
the pathogen levels in the effluent were mostly below detection. Close to complete removal of
spiked MS2, E. coli and microbeads were seen in the 30-day columns. The removal data for the
columns with 3 days of travel time also showed comparable reduction of the pathogens. It has to
be noted that the influents to the 30 day columns were spiked to comparable concentration as the
3 day columns. Removal in higher orders of magnitude could be expected in the 30 day columns
had the feed been spiked to a higher concentration. According to the soil column data, the 3 days

of travel time was sufficient to meet the 1 log virus removal in the subsurface. However, it is also
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imperative to keep in mind that removals seen in lab scale soil column with controlled settings
cannot necessarily be extrapolated to estimate removals in the field. Pang (2009) reported log-
removals in columns to be one to three orders of magnitude higher than the ones for field studies.
Nonetheless, high reductions in the range of 3 to 6-logs even in columns with short retention

time displayed the effectiveness of SAT in pathogen removal.

Table 11: Log removals achieved in the 30 day and 3 day columns

30 day (#1) 30 day (#2) 3 day (#3) 3 day (#4)
Travel time (days) 29.6 30.2 3.1 3.4
Log removals
MS2 7 - 6 6
E. coli - 6.5 6.6 -
Microbeads - 4.8 3 3
Targeted at least 1 log removal per month of travel time

3.3.3.2 MS2

MS2 removal observed was about 6-log reduction in both the 3 day columns. It is not
uncommon to observe an MS2 breakthrough earlier than the travel time in soil column studies
(Syngouna and Chrysikopoulos, 2011) As expected, MS2 values in both 3-day columns were
above the detection limit after a day of spike itself. 7-log reduction of MS2 was seen in the 30-
day column with the potential to achieve higher removals if the concentration in the influent feed
was higher. It was hard to decipher the occurrence of any breakthrough in the case of 30-day
columns since there was only a single detect in the effluent. The dominant removal mechanisms
for viruses such as MS2 are considered to be adsorption and inactivation (Anders and
Chrysikopoulos, 2006; Gerba and Keswick, 1981; Sim and Chrysikopolous, 1999). The
combination of both mechanisms along with the longer retention time in the 30 day columns
resulted in very effective removal of the pathogen. MS2 is considered to be a good model virus

because it is relatively more persistent and is attenuated to a lesser extent than other viruses
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(Anders and Chrysikopoulos, 2009). So, good MS2 removal was considered an indicator of good

removal of viruses, overall.
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Figure 7: Breakthrough curve of observed and simulated MS2 concentration in (a)
3-day column #3 effluent after spiking influent feed for 5 consecutive days and (b) 30-day
column #1 after spiking influent for 30 days. Data points with no fill indicate they were
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3.3.3.3E. coli

Similar to MS2, E. coli has been reported to travel faster than a tracer in some studies
(Syngouna and Chrysikopoulos, 2011). Although the first sample collected from the 3-day
column right after a day of the spike was above the detection limit, a clear breakthrough was not
observed in the first two weeks of sampling. There were intermittent detects at low
concentrations and non-detects. However, the peak value was detected on the 15" day of testing
and the values tapered down to non-detect levels in the following 5 days. This occurred later than
the expected retention time and detachment of E. coli from media that was not inactivated could
be a possible explanation for this occurrence. Detachment and remobilization of pathogens like
Cryptosporidium and Clostridium oocysts has been observed in a few soil column studies
(Hijnen et al. 2005; Schijven et al. 2002) and similar phenomenon possibly occurred in the case
of E. coli. Nonetheless, good removal in the 3-day columns was observed with close to 6-log
reduction. Similar to the case of MS2, all effluent values were non-detects expect one in the 30
day column. About 7-log reduction was observed. The dominant removal mechanisms for

bacteria were attributed to straining, adsorption and inactivation (Stevik et al. 2004).
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Figure 8: a. Breakthrough curve of observed and simulated E. coli concentration in
(a) 3-day column #3 effluent after spiking influent feed for 5 consecutive days and (b) 30-
day column #2 after spiking influent for 30 days. Data points with no fill indicate they
were below the detection limit of 1 MPN/100 mL

3.3.3.4 Microbeads
Microbeads test on both the 3 day columns showed very similar trends. The first detect

for both columns was observed on the second day after the spiked influent was fed and peak
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concentration occurred on the fifth day. All values after this peak were below the detection limit;
an absence of a gradually declining limb was not of a typical breakthrough curve. Considering 3
pm microbeads were used in this study which is larger in size than 25 nm MS2 or 0.5 pum wide 2
pm long E. coli, straining was expected to play a greater role in its attenuation. However, the
effects of straining did not seem to make its removal significantly better compared to MS2 or E.
coli in the 3-day columns. There were no detects in the 30-day column effluent throughout the
sampling duration. It has to be noted that the sampling period for microbeads was scheduled to
be shorter than the other pathogen tests because of time and cost constraints. A longer sampling
duration would have provided knowledge of occurrence of later breakthroughs due to
detachment of the microbeads, though attachment would not be significant for microbeads
removal. As aforementioned, microbeads were used as a surrogate of Cryptosporidium oocysts.
The removal of these uncharged microbeads observed in these soil columns is a slightly
conservative representation because straining is the primary removal mechanism. .The oocysts

unlike the microbeads can have additional removal through inactivation as well.
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Figure 9: Breakthrough curve of observed and simulated microbeads concentration
in (a) 3-day column #3 effluent after spiking influent feed for 5 consecutive days and (b) 30-
day column #2 after spiking influent for 30 days. Data points with no fill indicate they
were below the detection limit of 1 count/10 mL
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3.3.3.1 Data analysis and modeling

Data analysis for removal of contaminants in soil column experiments has largely been
conducted using some version of advection-dispersion. PHREEQC, CXTFIT and Hydrus-1D are
available modeling software applicable for one dimensional flow characteristics (Gibert et al.,
2015). CXTFIT uses the general advection-dispersion equation including sorption and first order
removal. Hydrus-1D incorporates advection, dispersion inactivation in liquid and solid phases
along with kinetic adsorption or desorption. (Frohnert et al. 2014). This study used advection
dispersion model using analytical solution for reactive solutes to understand and determine
removal rates for the pathogens. The values of retardation factor, inactivation rate in the aqueous

phase and inactivation rate in the solid phase shown in Table 10 were used as inputs to the

model.
Table 12: Retardation factors, inactivation rates for MS2, E. coli and microspheres
Pathogen 3 day columns 30 day columns
R A As R Aa As
MS2 1.05, 0.85 0.305 0.15 ND 0.305 ND
E. coli 1.1 0.099 0.049 ND 0.099 ND
Microbeads 12,15 0 0 ND 0 ND
. Most effluent samples for the 30 day columns were non-detects and thus R and A were

undeterminable through the model.

The decay rates in aqueous phase were experimentally determined as described in Section
3.3.2. For MS2 and E. coli, solid phase inactivation rates were considered as half the aqueous
phase inactivation rate (Syngouna and Chrysikopoulos, 2011). Decay rates for microbeads were
put in as zero since only physical removal was considered in this study. Retardation factors were
the only inputs that were not pre-determined and were optimized to fit the data such that the

predicted curve coincided with the first detected pathogen data point.
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As can be seen in Figures 7 - 9, the model did not seem to fit the observed data very
well. The difference between the values predicted by the model and the measured effluent values
was more than three orders of magnitude for all the pathogen tests conducted in the 3 day
columns. The model was ineffective in quantifying any removal rates in the 30 day columns
because the majority of the effluent samples were below the method reporting limit. The
predicted concentration were closer to the measured values when high decay rates, in the range
of 7 to 9 d™* were used as inputs to the model. These values were at least ten folds higher than the
values reported in several studies and therefore considered improbable. Another significant
consideration is also that changes in conditions such as pH, redox potential, and organic content
affect inactivation and attachment of the microorganisms (Walshe et al. 2010, Klitzke et al.
2015). Models like the one used in this study assume constant removal rates for the entirety of
the experiment for simplification. The predicted curve was also observed to overestimate the
concentrations compared to the observed values after the peak concentration as seen in Figures
10 and 11. Schijven et al. (2002) discussed this failure of one site kinetic models in fitting the
rising and declining limbs of the breakthrough curves. On the contrary, two-site kinetic model
was discussed to effectively follow the observed values during breakthrough. Use of a two-site
model with additional parameters of decay and sorption for a second kinetic site of pathogen

attachment could potentially fit the observed data in this study.
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Figure 10: Breakthrough curve of observed and simulated concentration of MS2 in
3-day column #4 effluent using higher value (7 d™) for inactivation rate in solid phase
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microbeads in 3-day column #4 assuming inactivation in solid phase as 1.8 d™ to better fit
the data
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The retardation factors of 0.85 and 1.05 estimated by the model were comparable to the
range of 0.81 — 1.05 reported for MS2 by Syngouna and Chrysikopoulos (2011).The same paper
also reported a range of 0.85-0.93 for E. coli retardation implying E. coli traveled faster relative
to the solvent. However, a value of 1.1, estimated by this model, suggested it was slower
compared to the fluid medium in this study. Microbeads had retardation values of 1.2 and 1.5
which were comparable to the observations of Harvey et al. (1993), in a study with microbial
sized microsphere in the aquifer recharge sites with retardation values in the range of 1.5 - 1.7.
Although the predicted values mostly agreed with values observed in published literature, one
caveat to the retardation factor was that it only provided a numerical comparison between the
velocity of compound and the velocity of fluid. In addition to retardation factors, incorporation
of parameters such as attachment and detachment rates of each pathogen to the media in the
modeling might enhance the understanding of the effectiveness and reversibility of pathogen

retention (Fronhert et al. 2014).

No parameters were determined or estimated for pathogen removal in the 30-day
columns. The model was ineffective because there was no observed breakthrough for any of the
pathogens. Spiking the feed to these longer columns at higher orders of magnitude of pathogen
concentration would have potentially resulted in detectable pathogen concentrations in the
effluent. The increased time for inactivation and extended sites for sorption resulted in better
removal in the 30-day compared to the 3-day columns. But it is hard to surmise whether the
increase in retention time would have significant effects on retardation factors or on reactions

that lead to pathogen inactivation.
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3.4 Conclusion

The results of this experiment validate SAT as an effective barrier for pathogens
including virus, bacteria and microorganisms such as Cryptosporidium, similar in size as the 3
pm microbeads. 6 to 7-log removals of MS2 and E. coli were achieved along with 3 to 5-log
removals of microbeads. 3-day of travel time showed sufficient removal to meet the target of 1
log virus removal per month of aquifer travel time. Log reduction values were observed to be
higher in the columns with longer retention time of 30 days and the potential to demonstrate
higher log-reductions in these columns with higher levels of pathogen spike in the feed was
acknowledged. The pathogen removal data provided defensible data to believe that facilities
implementing indirect potable reuse can get additional disinfection credits through SAT. Further
implications could be that the weight of disinfection can be slightly eased off of upstream
treatment processes such as ozonation, UV disinfection, and chemical disinfection at a recharge
facility. It is, however, imperative to keep in mind that the removals observed in the columns
might not linearly scale up to removals observed at aquifer recharge sites in real time conditions
with more variability. Soil column studies should be supplemented with regularly sampling and
monitoring of pathogens in the field at recharge sites. Additionally, the limitation to the model
using advection-dispersion equation and analytical solution for reactive solute, used in this study,
in determining pathogen removal rates was realized. The model predicted values for pathogens
were orders of magnitude higher than the observed data. Further research and study is required to
grow the knowledge base regarding the pathogen attenuation mechanisms in varying conditions
of pH, temperature, et al. that can prevail in the sub-surface. Incorporating all parameters for a

comprehensive modeling and analysis would be ideal but may require several variable inputs.
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Nevertheless, development of more robust predictive models may help address concern related to

pathogen fate and transport in the subsurface during recharge.
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4. MANUSCRIPT 2: FATE AND TRANSPORT OF NITROGEN SPECIES,
ORGANIC CARBON, DISINFECTION BY-PRODUCTS, AND EMERGING

CONTAMINANTS IN A SOIL COLUMN EXPERIMENT

ABSTRACT

Managed Aquifer Recharge (MAR) is a method of indirect potable reuse which can
provide additional environmental barriers to contaminants present in water through a process of
natural attenuation termed as Soil Aquifer Treatment (SAT). Evaluation of SAT is critical in
assessing MAR as a means to provide a sustainable source of drinking water. Soil column study
is one of the ways to evaluate SAT at a meaningful scale. Experiments with soil columns were
conducted at a pilot facility in Hampton Road Sanitation District (HRSD)'s York River
Treatment Plant with the view to determine the effectiveness of MAR in the removal of different
contaminants of concern. Four soil columns were constructed using sediment from the Potomac
Aquifer System. The major objectives for the soil column study were the evaluation of the fate
and transport of pathogens, nitrogen species, emerging pollutants and organic matter during SAT
at two different travel times of 3.2 days and 30-days. The study also aimed to conduct a
comparative analysis of the formation and subsequent removal of disinfection by products in the
columns as a result of disinfection by free chlorine or monochloramine. Sampling and analysis of
the influent and effluent for an experimental time of 4 months helped to develop an
understanding of the different reactions taking place potentially causing attenuation of the
contaminants of interest. Nitrogen transformation occurred in the columns with all nitrate
completely reduced in the columns with 30 day of retention time indicating denitrification.

However, an upward trend of ammonia in the monochloraminated column hinted at the
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possibility of dissimilatory nitrate reduction to ammonia (DNRA). The influent bromate
concentration ranged from 6 to 32 pg/L. Bromate was completely reduced in the 30-day
columns; good removal was seen in the 3-day column effluents as well with only 3 sample points
measured above the method reporting limit. TOC removal occurred in all four columns and
observed removal was in the range of 25-35%. Among the analyzed contaminants of emerging
concern, sucralose, 1,4-dioxane, acesulfame-K, iohexol, tris-(2 chloroisopropyl) phosphate
(TCPP), sulfadiazine and 4-nonylphenol were detected at levels greater than 100 ng/L at least
once in the column influent or effluent. Acesulfame-K and iohexal were consistently detected at
levels greater than 1000 ng/L in the feed and were partially removed at 58 — 89% and 68 — 86%
respectively. Partial removal of 1,4-dioxane was apparent in the 30-day columns. No conclusive
removal trends were apparent for TCPP, 4-nonylphenol and sucralose. Compounds like
carbamazepine and primidone, reported to be persistent in previous MAR studies were either not
detected or detected at very low levels primarily due to removal by the upstream treatment

processes of ozonation and biofiltration.
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4.1 Introduction

Indirect potable reuse is a sustainable solution to the problem of increasing water
demands of the present and more so the future. Water treatment processes including reverse
osmosis, ultraviolet advanced oxidation processes (UV/AOP) have been adopted in conjunction
with indirect potable water reuse applications often in combination. Managed aquifer recharge
(MAR) is a method of indirect potable reuse in which water from various sources including
reclaimed water is used for groundwater replenishment. Aquifer recharge provides a way of
natural storage and an additional environmental barrier for some contaminants that persist in the
water after undergoing advanced treatment. Natural attenuation of organics, contaminants and
pathogens as water percolates through aquifer material during MAR is termed Soil Aquifer

Treatment (SAT). (Bouwer and Rice, 1984; Idelovitch and Michail, 1984; Trussell et al. 2018)

As MAR is gaining more attention, increasing number of studies have evaluated the
effectiveness of SAT in potable reuse applications. The scale ranges from lab scale soil column
experiments to field studies at aquifer recharge sites. These studies primarily focus on figuring
out the fate and transport of various pollutants during MAR process; determination of the
reactions that occur in the aquifer and mechanisms that contribute to attenuation of these
pollutants; and understanding the conditions in which the attenuation takes place. Trussell et al.
(2018) investigated removal of organic carbon and emerging contaminants in four soil columns
with different retention times ranging from 5 to 180 days and observed removal of N-
nitrosodimethylamine (NDMA) and organic matter in all columns. Similarly, Patterson et al.
(2009) also looked at nine emerging contaminants through soil columns at a comparable scale
and modeled their breakthroughs. .On the other hand, Scheurer et al. (2009), Drewes et al. (2002)

conducted field studies to look at pharmaceuticals and trace organics removal through SAT.
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Wang et al. (2018) looked at bromate reduction in lab scale column and found that it was
reduced in nitrate reducing conditions. Organic matter removal and transformation has been
studied with soil columns by Zhao et al. (2007) and in the field by Quanrud (2002). Several
others have focused on the role of specific conditions like the composition of organic substrate in
the attenuation of trace organics (Alidina et al. 2014) and the temperature and redox on organics
and nutrients removal (Abel et al. 2012). The compounds investigated are usually contaminants

of interest, regulated or unregulated, due to their potential harmful effects to human health.

Nitrogen species including ammonia, nitrite, nitrate and Total Kjeldahl Nitrogen (TKN)
contribute to the nutrient loading to water sources. Furthermore, National Primary Drinking
Water Regulations imposes MCL of 10 mg-N/L for nitrate and 1 mg-N/L for nitrite in drinking
water. Elevated nitrate is known to cause methemoglobinemia, also commonly called blue baby
syndrome in infants (Bouchard et al. 1992). Nitrite can also cause damage to cells and may be
carcinogenic at high concentrations. Most utilities monitor and regulate their Total Nitrogen
(TN) level which encompasses regulation of all the nitrogen species. The transformation of
nitrogen species at MAR sites has been an area of interest for a few studies (Miller et al. 2006).
The vertical gradient of temperature, dissolved oxygen concentration, and substrate availability
in the aquifer provides a spectrum of conditions conducive for both oxidizing and reducing

microorganisms at different depths (Misra et al. 1974).

Organic matter in reuse systems can be characterized as natural organic matter (NOM)
already present in drinking water, synthetic organic compounds and soluble microbial products
(Drewes et al. 1999). Total organic carbon (TOC) and dissolved organic carbon (DOC) are used
as parameters to measure organics in water. Investigation of organics removal by SAT of

wastewater effluent has shown removal of TOC ranging from 50 to 90% (Quanrud et al. 2003,
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Amy et al. 1993, and Wilson et al. 1995). The concern related to TOC concentration is that
organic matter can be precursors for disinfection byproducts. Additionally, the California
regulations for surface spreading has a stringent requirement that TOC of wastewater origin does

not exceed 0.5 mg/L in potable reuse applications (Trussell et al. 2018).

Recharge water is typically chemically disinfected with chlorine or possibly
monochloramine to avoid biofouling in recharge wells and to potentially achieve additional
disinfection. Organics present in the water react with disinfectants which lead to formation of
disinfection by products which are potential risks to human health. Total trihalomethanes
(TTHM) and haloacetic acids (HAADb) are disinfection by products that suspected to be
carcinogenic and are regulated at MCLs of 80 ug/L and 60 ug/L, respectively. While they can be
formed in the recharge water, DBPs have also been observed to be bio-transformed during
aquifer recharge (Thomas et al. 2000). HAAs are more readily degraded in the aerobic zones
while anaerobic conditions favor THM degradation which is a relatively slower process.

(Quanrud et al. 2016)

Bromate is also considered carcinogenic and is a disinfection by product of ozonation.
Bromide in the water is quickly oxidized to bromate in the presence of ozone. Ozonation has
been commonly used in conjunction with biofiltration in the upstream treatment process of
aquifer recharge in order to provide benefits of disinfection and assimilable organic carbon
(AOC) formation and subsequent removal in the biologically active filters (van der Kooij et al.
1989). Bromate levels exceeding its 10 ug/L MCL can be formed and is not easily removed
through adsorption or aerobic biodegradation in the biofilters. Wang et al. (2018a) reported
effective removal of bromate by denitrifying bacteria in anoxic conditions in a lab scale study of

MAR. Furthermore, bromate was also observed to be reduced (abiotic reduction) by ferrous iron
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(+11) in MAR systems (Wang et al. 2018b). Chairez et al. (2010) reported bromate reduction by
biogenic sulfide in batch bioassays which implies it can potentially be removed by sulfide

present in the aquifer.

These natural and synthetic compounds can be categorized into pharmaceutical and
personal care products, pesticides, herbicides, flame retardants, hormones, food additives, and
surfactants. Not all CECs are easily biodegraded and remain persistent in the water systems.
They have already been detected at very low levels in various water sources. MCLs for emerging
contaminants do not exist although they are classified into candidate contaminant lists (CCL) and
reviewed for regulatory requirements as more information is gathered about their impact. There
are also advisory limits enforced by states like California for a few of these compounds,
including NDMA and 1,4-dioxane. Several studies have focused on CECs and their possible
attenuation in the subsurface. Banzhaf et al. (2012) studied sorption and biodegradation of
carbamazepine, sulfamethoxazole and diclofenac. Strauss et al. (2011) and Fan et al. (2011)
observed removal mechanisms for sulfamethoxazole and its metabolites. Other CECs
investigated in soil column experiments are bisphenol-A, 17 B-estradiol, 17 a —ethynyl estradiol
(Patterson et al, 2010), primidone, atenolol, meprobamate (Burke, et al., 2013), perfluoroalkyl
acids (PFAAs) (McKenzie et al., 2016). Given increasing degradation of compounds as retention
time increases, SAT presents a promising prospect to degrade the emerging pollutants in the
environment since groundwater flow is relatively slow and retention time in aquifers is typically

measured in months to years or even decades.

Soil columns enable the evaluation of SAT at a manageable scale which then provides a
basis for implementation on a full scale. This column study was the first phase of Hampton Road

Sanitation District (HRSD) Sustainable Water Initiative for Tomorrow (SWIFT) project for
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replenishment of the Potomac Aquifer System (PAS). Soil columns were assembled at the HRSD
York River Treatment Plant pilot facility to simulate two different travel times in duplicate. Free
chlorine and monochloramine were used to disinfect the feed water for comparison of DBP
formation and removal across the columns. The experiments focused on evaluating the fate and
transport of different solutes including nitrogen species, organic matter, disinfection by products
and emerging pollutants in the soil columns with the view to determine the effectiveness of SAT
in indirect potable reuse application. Although there have been several soil column experiments
conducted to meet similar objectives, there are few that have been conducted at a scale
comparable to this study. This study also assesses the extent of additional removal of
aforementioned solutes that can be achieved through SAT after an advanced treatment process
train of flocculation-sedimentation, ozonation, bio-filtration, adsorption in granular activated

carbon and UV disinfection.

4.2 Materials and Methods

4.2.1 Column Design

The experimental set up consisted of four soil columns with the purpose of simulating two travel
times relevant to the SWIFT project. Two columns were constructed to represent the estimated
travel time required for recharge water to reach a monitoring well located at a radial distance of
15 m (50 ft.) from a 1.0 MGD recharge well at the SWIFT demonstration facility. The soil
columns were designed to simulate a travel time of 3.2 days; henceforth referred to as 3-day
columns. The goal was to optimize column dimensions and the feed flow rate for soil column
operation by considering aspects such as minimum ratio of column height to diameter; volume of
feed required per day and volume required for sampling. Using an estimated effective porosity of

0.35 and a design influent flow rate of 13 mL/min, the column diameter of 0.305 m (1 ft.) and
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media height of 2.3 m (7.5 ft.) were selected for the 3-day columns. Column height to diameter
ratio was selected based on design considerations recommended to avoid preferential pathways
and radial dispersion (Gibert et al., 2014). The 3-day columns were 2.4 m (8.0 ft.) in height and

filled with aquifer sediment, primarily sand, to 2.3 m.

Two additional columns were constructed to represent 30-days travel time (henceforth referred to
as 30-day columns). The diameter of the 30-day columns was also 0.305 m (1 ft.). The 30-day
columns were 4.0 m (13 ft.) in height and filled with aquifer sediment to 3.7 m (12 ft.). The

column properties for all four columns have been summarized in Table 13.

Table 13: Column dimensions and flow rate

Column ID Travel Time | Flow rate Total height | Depth of sand | Diameter
(days) (mL/min) (m) (m) (m)
1 (30-day) 30 2.2 4.0 3.7 0.305
2 (30-day)
3 (3-day) 3.2 13 2.4 2.3 0.305
4 (3-day)

The columns were filled with aquifer sediment extracted from permeable material
derived from the PAS. Sediment samples were washed thoroughly in a cement mixer and then
sieved through a 4 mm screen to remove clay and larger debris. The washed and sieved sand was
sent to ECS Mid-Atlantic, LLC (Williamsburg, VA) to conduct sieve analysis on three sets of
sand samples. The uniformity coefficient calculated from the grain size distribution data was
approximately 5 for all three samples. The sieve analysis data has been included in the Appendix
(Figure 28). The columns were gradually filled with washed sediment followed by SWIFT
finished water to saturate the sand. The columns had a layer of underdrain plate which were full

beaded IMS caps made by Xylem Inc. (NY, USA). Plates were attached to the bottom of
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columns to ensure uniform distribution of water across the diameter and to provide a physical
blocking system to avoid possible loss of sand. Masterflex ® L/S ® digital peristaltic pumps
were used to have a pressurized up-flow in the columns. The type of tubing used for the
experiment was polytetrafluoroethylene (PTFE) semi-clear tubing (6.35 mm OD, 3.175 mm ID)
by Teflon ®; for the peristaltic pumps Masterflex ® L/S ® Tygon tubing EW-06509-14 and
Masterflex ® L/S ® Tygon tubing EW-06509-13 were used for 3-day and 30-day columns
respectively. All the columns were covered with 6 mil black polyethylene plastic wrap to avoid

photolytic reactions due to light penetration.

The soil column experiments were essentially conducted in two phases. The first phase
consisted of tracer tests to determine the columns’ properties and pathogen challenge tests to
evaluate pathogen removal. The experimental method followed has been described in detail in
Manuscript I. The effective porosity, dispersivity and the travel times determined in the first

phase of the study have been tabulated in Table 12.

Table 14: Dispersivity, effective porosity values and travel time of the soil columns
estimated by the model

30-day 30-day 3-day 3-day
(#1) (#2) (#3) (#4)
Dispersivity 0.41 0.27 0.42 0.15
(ft.)
Eff. Porosity 0.35 0.35 0.35 0.38
Travel time 29.6 30.2 3.1 3.4
(days)

The SWIFT finished water provided influent to the columns. SWIFT finished water
undergoes several treatment processes including flocculation/sedimentation, ozonation,

biofiltration, and UV- disinfection. The influent going into the SWIFT Pilot was the denitrified
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effluent from HRSD York River Treatment Plant. The flocculation/sedimentation process
removed about 20% of the TOC. The following process of ozonation was aimed at converting
the remaining TOC to more assimilable organic carbon (AOC). Bromate, a regulated carcinogen
is a by-product of ozonation that was formed in the process. The biomass established in the BAC
degraded a portion of the AOC. Granular Activated Carbon (GAC) then provided adsorption
sites for some of the organic carbon and other contaminants. The bed volume and the empty bed
contact time of the BAC and GAC have been listed in Table13. The removal of a few Trace
Organic Contaminants (TrOC) was observed across the BAC and GAC columns. This is an
important implication for the composition of the influent that was feeding the columns, which

was a highly treated effluent with mostly recalcitrant contaminants.

Table 15: Properties of the BAC and GAC

Media Depth (ft) | EBCT (min) Bed Volume (ft3)
BAC 5 10 0.98
GAC 6 20 1.18

4.2.2 Experimental Set-up

All four columns used in the previous study were used for the second phase of study.
The objectives of the second phase were to evaluate the removal of other compounds such as
CEC:s, nitrogen species and organic carbon and to compare two disinfectants: free chlorine and
monochloramine with regards to DBP formation and their removal in the columns. After the
completion of the pathogen challenge tests, the column set up was slightly changed to introduce
chemical disinfection to the process. Each disinfectant was mixed into the continuous feed of one

short and one long column with 3.2 days and 30-days travel time respectively.
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For the influent, two 76-L (20-gallon) containers were filled every day with SWIFT
finished water. High precision peristaltic pumps were used to pump the influent out of each
container at a rate of 50 mL/min. Since the influent containers were kept refrigerated, electric
heat tracing was used to keep water temperature constant at 20°C right before the introduction of
disinfectant to the feed line. Free chlorine and monochloramine were the two types of
disinfectant used for comparison in this study. The disinfectant stocks were prepared in amber
bottles to delay the rate of photolytic decay. Free chlorine stock was made by diluting sodium
hypochlorite with deionized water. Monochloramine was prepared by mixing sodium
hypochlorite and ammonium sulfate in water treated by reverse osmosis. The doses of
hypochlorite and ammonium sulfate were adjusted to obtain about 3.5 parts of total chlorine to 1
part of total ammonia. This preformed mono-chloramine was batched and diluted to prepare the

mono-chloramine stock for the soil columns.

Table 16: Disinfectant concentration and volume

Concentration (mg/L) Volume (L)
Chlorine/Monochloramine 110 3

The free chlorine and mono-chloramine were pumped into the influent line with the help
of peristaltic pumps (Figure 13). The targeted residual at the point of column feed was 1 mg/L
for both disinfectants. The total contact time was six minutes which represented the time
required for recharge water to reach the aquifer from the point of disinfection at the SWIFT
demonstration facility. The influent was split into three sections: one line fed a 3-day column,
one fed a 30-day column and the remaining one was used as an influent sampling line. The
lengths of the tubing for each section were determined so as to provide the six minute contact

time after the point of disinfectant mixing. The sampling line went into a collapsible container
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which was placed inside a refrigerator for preservation. This set-up allowed for sampling of

influent without disrupting flow into the columns.
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Figure 12: Soil Column set up for the second experimental phase with disinfected
influent

4.2.3 Sampling and analysis

The influent and effluent were sampled for nitrogen species: ammonia, nitrate, nitrite,
and Total Kjeldahl Nitrogen (TKN); phosphorus: total phosphorus and orthophosphate; organic
carbon: Total organic carbon (TOC) and dissolved organic carbon (DOC); bromate; total

trihalomethanes (TTHMs); and haloacetic acids (HAAS). Samples were analyzed by HRSD’s
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CEL lab. The analysis methods and sampling frequency have been listed in Table 15. For the 3-

day columns, the influent and the effluent samples were scheduled to be taken approximately a

travel time apart so that they could be compared.

Table 17: Analysis methods and sampling frequency for samples sent to CEL

Parameter Analysis Method Sampling Frequency
Inf. Eff (3-day) Eff (30-
(CI/IMCI) day)
Ammonia/NOy EPA 350.1 as Lachat 10-107-06-1-C
NO, EPA 353.2 as Lachat 10-107-04-1-C
NO; Calculated
TKN EPA 351.2 as Lachat 10-107-06-2-I
Orthophosphate EPA 365.1 as Lachat 10-115-01-1-A 3x/week for | 3x/week for 1x/week for
Total EPA 365.1 as Lachat 10-115-01-1-F 3 months 3 months 4
months
Phosphorus
DOC SM 5310 B-2011
TOC SM 5310 B-2011
TTHM EPA 624
HAAS EPA 552.2

Influent and effluent samples were also taken for contaminants of emerging concern

(CECs). Samples were sent to Eurofins Eaton Analytical in California for analysis. The

compounds tested included flame retardants, hormones, pharmaceutical compounds, pesticides

among others. The compounds analyzed, the frequency of sampling and the analysis method

used have been listed in Table 16. There were 6 sampling events for the monochloraminated and

the chlorinated influent. The 3-day effluents were also sampled 6 times while the 30-day

effluents were sampled 5 times; these samples were co-ordinated to be taken 3-days and 30-days

after the influent sampling events when possible.
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Table 18: Analysis methods and sampling frequency for CECs

Compounds Analysis method Frequency
Inf (CI/MCI) | Eff (3-day) Eff (30-
day)
NDMA EPA Method 521
1,4 — Dioxane EPA Method 522
Hormones (Natural/synthetic)® EPA Method 529
Perfluorinated compounds” EPA Method 537 2xi mont{lhfor 3 2xémont{1hfor 1x/month
Perchlorate EPA Method 331 months months
Additional CECs® Solid Phase Extraction
(SPE) negative and
positive mode

a,b — A detailed list of the compounds has been included in the Appendix

¢ — Additional CECs is a broad category that has pharmaceuticals, personal care products, herbicides, pesticides, flame

retardants and surfactants. A detailed list of the compounds analyzed is included in the Appendix

The influent to the columns was also analyzed to verify the residual of the disinfectant in
the water. This check for chlorine and mono-chloramine was conducted in the SWIFT Pilot lab
with the help of HACH Portable Parallel Analyzers (PPA). The range of acceptable chlorine or
monochloramine residual was considered to be 1.0 £ 0.5 mg/L. Additional parameters that were
analyzed included turbidity, pH and UV transmittance. HACH TL2300 Turbidimeter was used
for turbidity analysis. pH was measured using Thermo Scientific’s pH Benchtop meter and
probe. Thermo Scientific Genesys 10S UV-Vis Spectrophotometer was used for measuring UV

transmittance/absorbance;

Dissolved oxygen (DO) concentration of the influent water was measured once per day
using HACH’s hand held DO probe and HQ40D multi-meter. The effluent DO concentration of
the four columns were continuously measured by the DO probes on top of the columns and

logged onto the PLC.

75




4.3 Results and Discussion

4.3.1 TOC and DOC

The average TOC in the feed water was 4 mg/L. DOC comprised of a major fraction
(~98%) of this TOC. The TOC in the feed water was expected to be recalcitrant as the water had
undergone processes of floc-sedimentation, ozonation and biofiltration where a large fraction of
the readily biodegradable carbon would be expected to be removed. An average of 35% TOC
removal was observed across both 3-day columns. Contrary to expectation, higher removal was
not achieved with a longer retention time in the 30-day columns, with removal at 25%. Since the
longer 30-day columns have more adsorption sites compared to the 3-day columns, less removal
through the 30-day columns implied that adsorption was not the dominant mechanism for TOC
removal. The 30-day columns were not sampled as frequently as the 3-day columns and the
lesser data points could have skewed the calculated values of percent removal. Nevertheless, the
30-day effluent TOC concentrations were comparable to the 3-day column effluents, on average
approximately 0.5 mg/L higher. Additionally, it was observed that a biofilm would quickly grow
on the inner walls of the 30-day effluent tubing possibly due to the effluent water flowing at a
slow rate through the long tubing. Although the tubing was changed as soon as growth was
observed, it is likely that on few occasions fouling from the tubing with biological growth could

have acted as a source of additional TOC.
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Figure 13: TOC values of column influent and effluents for 3-day and 30-day free-
chlorinated columns (a, ¢) and mono-chloraminated columns (b, d) and DOC plots for
chlorinated columns; (second row) TOC and DOC plots for mono-chloraminated columns

4.3.2 Dissolved Oxygen

The transport and attenuation of solutes and contaminants in the soil columns were
significantly affected by redox conditions in the columns. The average DO concentration going
into the columns was 15 mg/L as O, All of the oxygen was consumed at the end of all four
columns. An average of 15 mg/L was present in the column feed throughout the experiment;
oxygen levels at the end of all four columns reached zero. Nitrate was still present in the 3-day

column effluent while it was completely reduced at the end of the 30-day columns. So, stratified
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zones with oxic and anoxic conditions appear to have existed across the length of the 3-day
columns; and oxic, anoxic and anaerobic conditions appear to have existed across the length of

the 30-day columns.

a.
25
) -
< °
g 20 - ® o ° .
= ° P © INF FCI
% 15 - ® J ® [ ] . ® ‘ ' +|INF MCI
'§ 10 48 e °* o & % % ) N - Eff_1M_FCI(1)
g 1 . . - Eff_1M_MCI(2)
g 5 i . - . Eff_50F_FCI(3)
a E X 725 - Eff_50F_MCI(4)
0 L] = | _

b.
30 -+
25 -
o
e
s | . .
E Ambient
2 ——50 ft
E 4 1 month
= 5 7 ]
0 T T T T I T
Al AD AD AD AD AD
\\“\6"' \"-.'30\ N Y N\ '3,‘-.\6\ q,\'bﬂ

Figure 14: a. Discrete measurements of dissolved oxygen concentration in the
column influent (frequency 1x/day) and continuous measurements of column effluents
during the experimental run time. b. Continuous measurements of ambient temperature
and temperature values of the 3-day and 30-day columns.

78




The events of high DO in the effluent, as seen in Figure 15 a, occurred in the initial
experimental stage when the set-up had to be changed in order to start disinfecting the column
feed as described in Section 4.2.2. No water was moving through the columns during this time.
Additionally, a few data points above zero at the tail end of the experiment corresponds with the
period of fluctuating temperature measurements which pointed to an instrumentation error in the

probes.

4.3.2 Nitrogen Species and Bromate

The nitrogen species that were analyzed in the column influent and effluent were nitrite,
NOx, ammonia and TKN. The majority of the fraction of NOx in the influent was comprised of
nitrate; nitrite concentration was conssitenly under the measuring range of 0.01 mg/L (see Figure
15 b, ¢). The nitrite concentration before the mixing of chlorine or monochloramine was
negligible since the biofilters in the upstream process performed complete nitrification of the
ammonia present in the pilot influent. Therefore, no increase in chlorine demand was observed in
the soil column feed. Effluent nitrite in the 3-day column with chlorinated feed was mostly
above detection limit and therefore consistently higher than the influent nitrite, although the
highest measured concentration was only 0.13 mg/L. Nitrite concentration gradually decreased
and reached a steay state of 0.02 mg/L after 40 days of experimental time. This could be a result
of partial denitrification which might be favored due to the non-readily biodegradable TOC in
the influent, insufficient for complete denitrification. However, this phenomenon only occured in
the initial stages which could be an indication of the microorganisms taking time to get
acclimated after free chlorine disinfection. Apart from TOC, reduced iron can also act as an
electron donor in the reduction of nitrate to nitrite (Carlson et al. 2018). The column feed had

non-detect levels of iron. Additionally, the sand used to construct the columns was washed
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thoroughly and exposed to atmosphere. The iron content present was expected to have oxidized
after this process. However, low levels of bound ferrous could still have remained in the media,
the oxidation of the bound ferrous and the reduction of nitrate could explain the formation of
nitrite in the initial days of the experiment. In the monochloraminated 3-day columns, ammonia
was consistently removed to non-detect levels with nitrite levels also mostly under the measuring
range (see Figure 16 a., b). Nitrate in the effluent was equal to and at times slightly higher than
the influent concentration which suggested complete nitrification of influent ammonia to nitrate

(see Figure 16 c.).

The data for 30-day chlorinated column indicate a short phase where nitrate reduction
and an increase in nitrite concentration occurred (see Figure 15 b., ¢). After this phase, the nitrate
was reduced to non-detect levels while the ammonia level was steady at 0.5 mg/L in the effluent.
Considering the fact that there was no ammonia in the feed of the free chlorinated columns,
ammonia had to be formed or released from the column media. One possible mechanism that
could cause this is dissimilatory nitrate reduction to ammonia (DNRA). DNRA is favored in a
cabon rich environment with a low nitrate (electron acceptor) concentration (Teidje, 1988).
There was about 4 mg/L TOC going into the columns which empirically is roughly equivalent to
10 mg/L of COD. Given that complete consumption of TOC was not seen in the 30-day columns,
it would be inaccurate to assume a carbon rich environment in the columns. However Tiedje
(1998) also found that continual anoxic conditions select some DNRA microbes that are obligate
anaerobes over denitrifiers. After complete DO consumption, anoxic conditions would persist in
the columns and DNRA could be favored. The monochloraminated 30-day column, had
consistent nitrate removal but the effluent ammonia levels showed a steady increase (see Figure

15 a,c). Assuming DNRA was taking place in this column as well, a fraction of the ammonia
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seen in the monochloraminated 30-day column effluent could have formed from this mechanism.
However, DNRA cannot fully explain the remaining ammonia levels causing a steady rise in the
effluent. An average of 0.33 mg/L of total ammonia was added to the influent of the
monochloraminated column through monochloramine addition. Since ammonium has been
reported to sorb onto clay particles (Bouwer 1996; Fox et al. 2000; Hafer 2000), the remaining

ammonia causing an upward trend could be a result of desorption of previously sorbed ammonia.
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Figure 15: Influent and effluent levels of ammonia (a), nitrite (b), nitrate (c) and
bromate (d) in the 3-day and 30-day free chlorinated columns over experimental run time.
Effluent values were corrected for travel time.
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Figure 16: Influent and effluent levels of ammonia (a), nitrite (b), nitrate (c) and
bromate (d) in the 3-day and 30-day mono-chloraminated columns over experimental run
time.

Bromate reduction occurred in both 3-day and 30-day columns. There was no notable

difference between chlorinated and monochloraminated columns in terms of influent or effluent

trends. Bromate reduction was expected to be closely tied to nitrate reduction in the columns.

83



Wang et al. (2018) in their study concluded that denitrifying bacteria were able to reduce
bromate in nitrate reducing anoxic zones of soil columns. Similar results were obtained by
Hijnen et al. (1999) in an experiment that evaluated bromate removal in denitrifying fixed-bed
bioreactor. All four columns reached nitrate reducing conditions as the dissolved oxygen
concentration in the effluent were consistently zero or close to it. It would be safe to conclude
that the 30-day columns had extended zones that were conducive for nitrate reduction. Bromate
was completely removed in the 30-day columns in this study along with nitrate. In the shorter
columns, partial bromate removal was observed initially which was followed by complete
removal of bromate. The average influent concentration was 7 ug/L. Although this value was not
notably high, it was representative of the bromate concentration in the aquifer recharge water at
the demonstration facility. There were a few influent spikes in the range of 30 pug/L and the
corrrespnding low effluent values suggested attenuation. Similar to nitrate, bromate could also
act as an electron acceptor for the oxidation of sulfide and ferrous. A continuous monitoring of
iron or sulfide levels in the column effluent was not conducted and therefore it would be difficult
to determine the mechanistic pathway of bromate reduction. However, the reduction pathway by

ferrous as discussed for nitrate would be applicable for bromate as well.
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4.3.3 Phosphorus
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Figure 17: Box and whisker plots of Total Phosphorus (TP) and orthophosphate

(OP) values in the influent and effluent of 3-day and 30-day free chlorinated columns (a);

3-day and 30-day mono-chloraminated columns (b) measured during the experimental run
time
The categories of Total phosphorus (TP) comprise of orthophosphate and long chain

polyphosphates. Both total phosphorus and orthophosphate was higher in the effluent of 30-day
columns than the influent. TP in the influent and effluent mostly comprised of orthophosphate.
There could be two possible explanations for this. The first alternative woud be the decay of
biomass that could have released organophosphates, a fraction of the organhosphates could then
be mineralized to orthophosphate. The second alternative could be the leaching of phosphate
present in the sand media complexed or precipitated with metals such as calcium, magnesium
and iron. In anaerbobic conditions phosphates tend to get released due to reduction of ferric
compounds bound with phosphates (Schoumans, 2015). The average difference between the

influent and the effluent TP levels in the monochloraminated columns was 0.05 mg P/day and

0.7 mg P/day for the chlorinated columns. the amount of P being released in the chlorinated
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column was notable which suggests chlorination might facilitate the leaching of phosphate.
However, the reasons as to why that happens is unclear and not many have studied this impact of

chlorination on phosphorus in sandy soil.

4.3.5 TTHM and HAA5

Total trihalomethanes (TTHMs) were formed in the influent feed mixed with free
chlorine as disinfectant. The influent TTHM concentration remained relatively constant at an
average of 8 pg/L. A spike in the concentration was observed for a couple of weeks from 57—
66™ experimental day which corresponded with the event of chlorinated backwashing of the
biofilters. For this purpose, free chlorine was added to the backwash tank. The column feed was
prepared by disinfecting the overflow of this backwash tank with UV. Since, this was the only
time period when concentration of influent disinfected by monochloramine was above the
detection limit, the cause for the spike was attributed to the reaction of free chlorine residual in

the overflow water

In the case of the 3-day column disinfected with chlorine, there is more formation of
trihalomethanes by the end of the travel time evident from the effluent concentrations which are
consistently higher compared to the influent concentrations. The concentration of chlorine in the
influent was in the range of 0.5-1.5 mg/L,; the effluent concentration was under the measuring
range indicating the complete removal of chlorine across the column. The retention time in the 3-
day columns provided extended contact time for chlorine to react with the THM precurors still
present in the feed water. However, TTHMs were completely removed across the 30-day
column. According to mechanistic studies, the reduction of disinfection by products occurs in
anaerobic conditions (Quanrud et al., 2016). McQuarrie et al. (2003) also demonstrated removal

of TTHM across soil columns which increased from 8% to 40% as the column residence time
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increased from 14 days to 34 days. Given that the DO concentration in the effluent of both 3-day
columns were consistently zero but nitrate was still present, anoxic conditions were reached by
3.2 days of retention time. Considering all factors uniform between the 3-day and the 30-day
column, the 30-day retention time in the 30-day column would have an extended anaerobic zone

where more removal of THM could occur.

Compounds that comprised majority of the TTHM concentration were brominated
compounds such as bromoform and monochlorodibromomethane. Bromide reacts with
hypochlorite to form HOBr which in turn reacts with the natural organic matter to form
brominated DBPs. HOBr and OBr™ are more reactive than HOCI and OCI” which could explain

the higher concentration of brominated DBPs.
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Figure 18: TTHM and HAAGS plots for chlorinated columns (a, c);
monochloraminated columns (b, d)

Haloacetic acids (HAAS) were produced in the influent disinfected by both chlorine and
monochloramine. The concentration in the chlorinated influent was on an average 50% higher
compared to the monochloraminated influent. Similar to THM formation in the columns, HAA
formation is also due to the reaction of disinfectant residual with NOMs. However, the formed
HAA:s, if any, were completely removed in both the 3-day and the 30-day columns. Oxic
conditions favor HAA reduction. The feed had saturated levels of dissolved oxygen

concentration; so the bottom of both 3-day and 30-day columns would have oxic zones till the

88




point of complete dissolved oxygen consumption. HAAs are also more readily biodegraded
compared to THMs (Quanrud et al. 2016). A difference was noted between THM and HAA
formation by monochloramine. There were no detected influent values of THM in the
monochloraminated influent except the ones measured in the weeks of chlorinated backwashes.
The same spike in influent concentration of HAA was observed during the same time period.
Unlike TTHM, HAADS were detected in the influent disinfected with monochloramine. The
method reporting limit for TTHM is higher (4 pug/L) compared to HAAS (2 ug/L). Although this
could have contributed to more HAAGS detects, there were still significant number of data points
that were above 4 ug/L. There have not been studies that suggest that HAAs are formed more
readily by monochloramine compared to TTHM. Dibromoacetic acid constituted majority of the
HAADS concentration. Neither chlorine nor monochloramine formed monochloroacetic acid.
Monobromoacetic acid was only formed by chlorine. Chlorination formed brominated
compounds at higher concentrations compared to monochloramination. Di and trihalogenated
acetic acids formed at higher concentrations compared to monohalogenated acetic acids in

general.

4.4.6 Contaminants of Emerging Concern

The column influent and effluent were sampled for a range of emerging contaminants.
These included pharmaceutical compounds, personal care products, pesticides, herbicides and
flame retardants among others. Emerging contaminants were not sampled continuously. The
schedule and frequency of sampling has been described in Section 4.2.3. Out of 107 compounds
analyzed, the majority were not detected in the column influent or effluent. The 73 compounds

listed in Table 17 were never detected. Some of these compounds were removed by the
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preliminary processes of ozonation-biofiltration while some compounds like PFOA and PFOS

were never above detection in the denitrified effluent feeding the pilot.
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Table 19: Contaminants that were always below the detection limit in the soil

column influent and effluent along with their method reporting limits

Compounds MRL Compounds MRL
1,7-Dimethylxanthine 10 ng/L Ketoprofen 5 ng/L
4-tert-Octylphenol 50 ng/L Lincomycin 10 ng/L
Albuterol 5ng/L Lopressor 20 ng/L
Amoxicillin (semi- Metazachlor
guantitative) 80 ng/L 5 ng/L
Andorostenedione 5ng/L Methylparaben 20 ng/L
Atenolol 5ng/L Naproxen 10 ng/L
Atrazine 5 ng/L Nifedipine (semi quantitative) 20 ng/L
Bendroflumethiazide 5 ng/L Norethisterone 5 ng/L
Bezafibrate 5ng/L OUST (Sulfameturon,methyl) 5 ng/L
Bromacil 5ng/L Pentoxifylline 5 ng/L
Butylparaben 5 ng/L Perchlorate 0.5 ug/L
Carbadox Perfluoro octanesulfonic acid
5 ng/L - PFOS 0.04 ng/L
Carbamazepine Perfluoro-1-butanesulfonic
5 ng/L acid -PFBS 0.09 pg/L
Chloramphenicol Perfluoro-1-hexanesulfonic
10 ng/L acid - PFHX 0.03 ng/L
Chlorotoluron Perfluoroheptanoic acid -
5 ng/L PFHpA 0.01 pg/L
Cimetidine (semi quantitative) Perfluoro-n-nonanoic acid -
5 ng/L PFNA 0.02 ng/L
Clofibric Acid Perfluorooctanoic acid -
5 ng/L PFOA 0.02 ug/L
Cyanazine 5 ng/L Phenazone 5 ng/L
DACT 50 ng/L Progesterone 5 ng/L
DEA 5ng/L Propazine 5ng/L
DEET 10 ng/L Simazine 5ng/L
Dehydronifedipine 5ng/L Sulfachloropyridazine 5ng/L
DIA 5 ng/L Sulfadimethoxine 5 ng/L
Diazepam 5 ng/L Sulfamerazine 5 ng/L
Diclofenac 5ng/L Sulfamethazine 5ng/L
Dilantin 20 ng/L Sulfamethizole 5ng/L
Diltiazem 5 ng/L Sulfamethoxazole 5 ng/L
Diuron 5 ng/L Sulfathiazole 20 ng/L
Equilin 0.004 ng/L TDCPP 100 ng/L
Estriol 0.001 pg/L Testosterone 0.0001 pg/L
Ethylparaben 20 ng/L Theophylline 20 ng/L
Flumegine 10 ng/L Thiabendazole 5ng/L
Fluoxetine 10 ng/L Triclocarban 5 ng/L
Gemfibrozil 5ng/L Triclosan 5 ng/L
Isobutylparaben 5 ng/L Trimethoprim 5 ng/L
Isoproturon 100 ng/L Warfarin 5 ng/L
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Out of the CECs analyzed, 17 CECs were non-regulatory performance indicator
compounds chosen for HRSD’s SWIFT project to provide information about the performance of
the treatment processes. These included public health indicators that are unregulated compounds
but are of interest from a public health standpoint and performance efficacy indicators that are
compounds which are fairly persistent but may not be harmful to human health. Of the 17
indicator compounds, 8 were not detected in either the column influent or the column effluent,
including DEET, perchlorate, PFOA, PFQOS, phenytoin, atenolol, carbamazepine, and triclosan.
1,4-dioxane and sucralose regularly showed up in both the influent and effluent at significant
levels. The remaining compounds were detected intermittently. None of the compounds were

measured above the notification limits or health advisory level.
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Table 20: Summary of the indicator compounds

Performance Indicators

Detected range of
Concentration

Notification and health advisory
limits

Public Health Indicators

1,4-dioxane <0.07 - 0.38 pg/L 1 pg/L (CA Notification Limit)
17-B-estradiol <0.0004 - 0.00051 pg/L TBD
DEET <10 ng/L 200,000 ng/L (MN Health Guidance
Value)
Ethinyl estradiol <5.0-9.6 ng/L TBD
Tris(2-carboxyethyl)phosphine <10 -25ng/L 5,000 ng/L (MN Health Guidance
(TCEP) Value)
NDMA <2.0-4.0ng/L 10 ng/L (CA Notification Limit)
Perchlorate <0.5 pg/L 6 ug/L (CA Notification Limit)
Perfluorooctanoic Acid (PFOA) and <0.04 ng/L 0.07 pg/L (USEPA Health Advisory)
Perfluorooctanesulfonic Acid
(PFOS)
Treatment Efficacy Indicators
Cotinine <10-36 ng/L 1 ug/L
Primidone <20 - 34 ng/L 10 pg/L
Phenytoin (Dilantin) <20 ng/L 2 ng/L
Meprobamate <5-23 ng/L 200 ug/L
Atenolol <5 ng/L 4 ng/L
Carbemazepine <5 ng/L 10 pg/L
Estrone <25 ng/L 320 ug/L
Sucralose <100 — 120000 ng/L 150,000 pg/L
Triclosan <10 ng/L 2,100 pg/L

There were a few compounds that were detected at significant levels in the influent and

effluent. The threshold of 100 ng/L was used to determine a significant level of detection. As

mentioned earlier, 1,4-dioxane and sucralose were the indicator compounds that fell under this

category. Both 1,4-dioxane and sucralose were regularly detected in both the influent and the

effluent. 1,4-dioxane was partially removed in the 30-day columns on a consistent basis whereas

there was no decipherable trend in the 3-day columns since effluent values were intermittently

detected at levels above, below and equal to the influent values. This is in contrast with results

by Steffan (2007), who saw no anaerobic biodegradation of 1,4-dioxane in microcosm
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experiments, even with extended retention time. On the contrary, retention time seemed to have a
positiveeffect on 1,4-dioxane attenuation in this study. Similarly, the artificial sweetener,
sucralose seemed to be attenuated to some extent in all four columns in this study. Sucralose has
been reported to be generally persistent in SAT studies with very slow to no removal in aerobic
or anaerobic conditions (Scheurer, 2009). But Labre et al . (1993, 1994) saw the mineralization
of sucralose in loam by microbial activity, although the microbes responsible were not identified.
Similar mechanism could explain the partial removal of sucralose in the columns. There were
few instances of effluent concentrations spiking. While desorption could have explained the
observed spike, sorption is not considered an effective removal mechanism for sucralose as
observed by Sho et al. (2011). Therefore, the sudden instances of high sucralose levels in the
effluent was considered to be a result of high sucralose spikes in the influent that was not

captured during influent sampling.
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Table 21: Observed number of detections and concentration range of emerging
contaminants detected at >100 ng/L at least once in the column influent or effluent

Compounds No. of detections Concentration Summary of
range observed removal
Influent | 3-day | 30-day (ng/L) trends
Effluent | Effluent
Total no. of 12 12 10
samples collected
1,4-dioxane 12 12 9 <70 - 380 No clear trend in 3-
day columns
Partial removal in 30-
day columns
Sucralose 12 10 10 <100 — 120000 No clear trend
Acesulfame-K 11 6 10 <20 - 11000 Partial removal in all
lohexal 12 11 10 <40 — 9100 four columns
4-nonylphenol 7 6 8 <100 - 10000 No clear trend
TCPP 5 4 3 <100 — 1000
Sulfadiazine 3 0 2 <5-610 Potential removal in
all four columns

95




a b.
@ INF MCI @ INF FCl
140000 SEFF 34 140000 “EFF3d
120000 120000 =
2 100000 - 5 100000
fo)) (@)
£ 80000 £ 80000
¢ 2
S 60000 § 60000
O
a0000 2 40000
m * L 4 ® * L 4
20000 * 3 ® 20000 - . * g
0 8 . " 0 B = ; * .
0 5 10 0 5 10
Weeks Weeks
c d.
#INF MCI @ INF FCl
140000 SEFF 30 d 140000 =EFF30d
120000 120000
QlOOOOO z\_:|> 100000
> . £
< 80000 & 80000
[3) c ]
[ o
S 60000 O 60000
*
40000 40000
'S L 4
* *
20000 ¥ - - 20000 = 3
[ ] a
0 . . 0 . L] .
0 5 10 0 5 10
Weeks Weeks

Figure 19: Influent and Effluent values for sucralose in 3-day columns (a, b) and 30-
day columns (c, d). Effluent values were corrected for time. Data points with no fill
represent values below the MRL.
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Figure 20: Influent and effluent values for 1,4 — dioxane in 3-day columns (a, b) and
30-day columns (c, d). Effluent values were corrected for time. Data points with no fill
represent values below the MRL.

Acesulfame-K is another artificial sweetener that was regularly measured at significant

levels (>100 ng/L) in the influent. The comparison of influent and effluent concentrations

indicated attenuation across all four columns. Acesulfame-K had a more consistent removal

trend compared to sucralose. The average percent removal for acesulfame-K was 89% and 58%

in the 3-day columns and 30-day columns respectively. Non-detects were considered as half of

the method reporting limit and for data sets with effluent values greater than the influent, percent

removal was considered to be zero. This is in contrast with the findings of Scheurer (2009)
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where acesulfame-K was observed to be persistent in SAT, although it has to be noted that

Scheurer’s study was conducted with wastewater as the feed. The difference in feed water

composition could be expexted to affect the removal.
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Figure 21: Influent (blue diamonds) and effluent values (red squares) of acesulfame-
K plotted (left axis) over experimental time for 3-day mono-chloraminated column (a), 3-
day free chlorinated column (b), 30-day column mono-chloraminated column (c) and 30-

day free chlorinated column. Effluent values were corrected for time and removals for each

data set calculated and plotted on the right axis. The percent removal for data sets with
effluent greater than the influent were considered zero.
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lohexal was another compound that was regularly detected and partially removed in all
four columns. The average percent removal for iohexal was 68% for the 3-day columns and 86%
for the 30-day columns. There have been a few studies conducted on the fate of this X-ray
contrast agent in MAR systems that attempt to describe its attenuation mechanism. Fast
degradation of the compound in suboxic conditions was observed (Stuyfzand et al. 2007) and a
very low half life of <1 day in aerobic conditions (Patterson et al. 2011) but no degradation in
anaerobic conditions (Patterson et al. 2010, 2011). However in this study, additional removal
was seen in the 30-day columns compared to the 3-day columns. This could imply that more
attenuation occurred in the extended anoxic/anaerobic zones of the 30-day columns since data
shows that DO levels had already reached zero at the end of the 3-day columns and assuming

that the pattern of DO consumption was the same across all columns.
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plotted (left axis) over experimental time for 3-day mono-chloraminated column (a), 3-day

Figure 22: Influent (blue diamonds) and effluent values (red squares) of iohexal

free chlorinated column (b), 30-day column mono-chloraminated column (c) and 30-day
free chlorinated column. Effluent values were corrected for time and removals for each
data set calculated and plotted on the right axis. The percent removal for data sets with

effluent greater than the influent were considered zero.

Sulfadiazine was detected a few times in the range of 100-610 ng/L in the influent;

degradation and/or adsorption in all four columns is a possibility since the only two effluent

values detected out of the 30-day columns were also low in magnitude. 4-nonylphenol and TCPP

were also detected at high concentrations but there was no decipherable trend in the influent or

effluent of either of the four columns.
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Table 22: Observed number of detections and concentration ranges of emerging
contaminants in the column influent and effluent

Compounds No. of detects Concentration range (ng/L) Summary of
Inf. | 3- | 30- Inf. 3-day | 30-day Eff. | detections observed
day | day Eff. and possible trends
Eff | Eff
Total no. of 12 12 10
samples
Butalbital 1 0 0 <5-54 <5 <5 Detected in
Primidone 2 0 0 <20-21 <20 <20 Influent
Propylparaben 1 0 0 <5-6.2 <5 <5
Estrone 1 0 0 <25 <25 <25
BPA 1 0 8 <10-60 <10 <10-58 Detected in
17-a-Ethinyl 3 0 1 <5-9.6 <5 <5-6.2 Influent
Estradiol Effluent - 30-day
NDMA 3 0 1 <2-4.6 <2 <2 Possibility of
Ibuprofen 2 0 1 <10-25 <10 <10 removal in 3-day
Oxolinic Acid 1 0 1 <10-15 <10 <10-24 columns
Chloridazon 2 1 0 <5-16 <5-56 <5 Detected in
Linuron 2 1 0 <5-8.9 <5-11 <5 Influent
TCEP 10 5 0 <5-25 <5-21 <5 Effluent - 3-day
Possibility of
removal in 30-day
columns
17-B-Estradiol 0 0 1 <0.4 <0.4 <0.4-0.51 Detected in
Effluent — 30-day
4-androstene- 0 0 1 <0.3 <0.3 <0.3-0.48 Inconclusive
3,17-dione
Quinoline 0 0 4 <5 <5 <5-6.9
Triclosan 0 0 2 <10 <10-16 <10 Detected in
2,4-D 0 1 0 <5 <5-21 <5 Effluent — 3-day
lopromide 0 1 0 <5 <5-7.9 <5 Inconclusive
Ketorolac 0 2 0 <5 <5-64 <5
Meclofenamic 0 2 0 <5 <5-72 <5
Acid
Theobromine 0 4 2 <10 <10-32 <10-71 Dectected in
Lidocaine 0 3 2 <5 <5-7.4 <5-25 Effluent — 3-day
Caffeine 0 2 6 <5 <5-51 <5-28 Effluent — 30-day
Inconclusive
Erithromycin 1 2 2 <10-12 <10 - 15 <10-13 No clear trend
Meprobamate 9 10 7 <5-18 <5-24 <5-16
Acetaminophen 10 8 5 <5-31 <5-34 <5-16 No clear trend in 3-
day columns
Possible partial
removal in 30-day
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Butalbital, primidone, propylparaben and estrone were detected at most in two sampling
events in the influent. Although the effluent values were non-detects, their removal through the
columns cannot be considered definitive since the influent values were only few ng/L higher than
their respective method reporting limits. It is uncertain if complete removal would still occur had
the influent concentrations been consistently higher. Drewes et al. (2002) found primidone to
persist even after six years of sub-surface recharge; similar observations were made by Alidina et
al. (2014) and Hass et al. (2012). Therefore, persistence of primidone could be expected in the

soil columns had the concentration in the influent been higher.

17-a-Ethinyl Estradiol, NDMA, ibuprofen and oxolinic acid were detected at low levels
in the influent. 3-day column effluents were consistently non-detects while some 30-day column
effluent values were above the MRL. Although one might infer from this data, that longer
retention time was not benificial for the attenuation of these compounds, the low levels and the
infrequency of detection do not allow for a definitive conclusion. Bisphenol-A (BPA), however,
had an interesting trend; it was never detected in the 3-day columns but was observed at 30 — 60
ng/L in both 30-day column effluents. This could be be an indication of either desorption of

previously sorbed BPA or contamination of sample and/or instrument.
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Figure 23: Influent and effluent values of Bisphenol-A (BPA) - 30-dayin mono-
chloraminated 30-day column (a.) and in free chlorinated 30-day column (b.). Effluent
values were corrected for travel time. Data points with no fill were below the MRL.

TCEP, which is a flame retardant similar to TCPP, was regularly detected at around two

times the method reporting limit (10 ng/L). Effluents from the 3-day columns were occasionally

detected at levels close to the influent values. However, all the 30-day column effluents were

non-detects which indicated removal. This could imply that longer retention time could

potentially be beneficial for TCEP attenuation which agreed with the findings of Laws et al.

(2011) where removal of both TCEP and TCPP increased from <20% to approximately 50% and

80% respectively as investigated travel time increased from 3-days to 60 days.Acetaminophen

had similar effluent trend in the 30-day columns. The effluent values were consistently lower

than the influent, so partial removal was possible. However, acetaminophen did not have a clear

trend in the 3-day columns.

The compounds 17-p-Estradiol, 4-androstene-3,17-dione, quinoling, triclosan, and 2,4-D

were only detected in the column effluents of either the 3-day or the 30-day columns. These were
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mostly one time detects and no conclusion regarding attenuation could be drawn from the data

observed.

Theobromine, caffeine, and lidocaine were detected only in the effluent of all four

columns. The trend for lidocaine was similar to that of BPA; especially in the 30-day chlorinated

column, where desorption or formation through transformation seemed to be occurring.
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Figure 24: Influent and effluent values of Lidocaine in chlorinated 3-day columns
(a.) and 30-day columns (b). Effluent values were corrected for travel time. Data points
with no fill were below MRL.
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Figure 25: Influent and effluent values of caffeine in monochloraminated columns 3-
day (a) and 30-day (c) 3-day free chlorinated column (b), 30-day monochloraminated
column (c) and (d)

Theobromine and caffeine are both stimulants found in food and drinks.Caffeine was
detected a total of six times in the 30-day column effluents and twice in the 3-day column
effluents. One possible explanation would be the desorption of caffeine previously sorbed onto
the column media. But caffeine is considered readily degradable (D’ Alessio et al. 2018; Alidina
et al. 2014) andit is implausible for it to have persisted after even 3-days of retention time. It is
possible that the detects were results of sample contamination since caffeine sampling and
analysis is sensitive and the concentration is at the scale of ng/L. As with caffeine, there was no
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clear trend for theobromine; there were intermittent detects and non-detects in the column

effluent (see Figure 26). Although, theobromine is a metabolite of caffeine, non detect levels of

caffeine in the influent suggested that the theobromine detections were unlikely to have resulted

from caffeine degradation in the columns. Similar to the case of caffeine, this could have been

caused by sample contamination.
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Figure 26: Influent and effluent values of thobromine in 3-day columns (a, b) and

30-day columns (c, d). Effluent values were corrected for travel time. Data points with no
fill were below the MRL of 10 ng/L
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The remaining compounds that were detected but did not fit the bracket of the categories
discussed above were erythromycin and meprobamate. Erithromycin was only detected once in
the influent and twice in both 3-day and 30-day columns but at concentrations not higher than 12
ng/L. Meprobamate was regularly detected at levels not higher than 25 ng/L. There was no

conclusive trend apparent in the plots for its removal.

4.4 Conclusion

The results of this column study help understand the fate and transport mechanisms of various
regulated and non-regulated compounds and contaminants of concern that are pertinent to
potable water reuse applications. The study elucidates that SAT is a good treatment step to
follow the processes of ozonation, biofiltration and UV since it can provide additional removal
of contaminants. Nitrate and bromate was completely reduced in the 30-day columns; good
removal of bromate and was seen in the 3-day column effluents as well. 25— 35% of TOC
removal occurred in all four columns. The comparative study between two disinfectants
confirmed that monochloramine was a safer disinfectant to use since it formed lower levels of
disinfection by products (DBPs) compared to free chlorine. Nonetheless, the conventionally
measured DBPs got completely removed after a month of travel time regardless of the
disinfectant used. Among the CECs analyzed, acesulfame-K and iohexal were consistently
detected at levels greater than 1000 ng/L in the feed and were partially removed at 58 — 89% and
68 — 86% respectively. Clear removal trends were not observed for most CECs which pointed to
the need for additional research and study to better understand the fate and transport of these
contaminants during MAR. It was evident that redox conditions varied at different column
depths which significantly affected the attenuation mechanisms of compounds. Although

multiple port sampling at different column depths is hard to achieve in a column without creating
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preferential pathways, it would have provided a more comprehensive picture of different
conditions and reactions occurring along the column depth. Filling this knowledge gap was
realized as pivotal to increasing understanding of the attenuation mechanisms of solutes during
MAR. Nonetheless, this study adds to the growing body of literature that discusses SAT in MAR

systems as a promising alternative for indirect potable reuse.
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5. ENGINEERING SIGNIFICANCE

Potable reuse is the sustainable solution to the problems of strenuos water demands the
world faces and will be facing in the years to come. MAR as a method of indirect potable reuse,
therefore, is a process of extreme significance. Apart from providing a sustainable drinking water
source, MAR also addresses the problem of land subsidence which is an issue particularly in the
coastal areas. Potable reuse applications, in the past, were focussed on the use of membrane
based treatment such as reverse osmosis or UV/AOP to treat wastewater effluent with the view
to produce water compliant with drinking water standards. SAT at the tail end of an advanced
treatment process of ozonation-biofiltration-granulated activated carbon and UV disinfection
also proved to be a promising method of providing additional barriers to pathogens and
contaminants present in the water, as seen in this study. This treatment train option might be a
good alternative for facilities that want to opt for a more passive method of achieving additional
removal of contaminants for the purposes of potable reuse. Effective pathogen removals
displayed in soil column studies such as this, also means that the burden of achieving
disinfection credits does not have to be put on some upstream processes like ozonation, UV andd
chemical disinfection. The ability to lower ozone and/or UV dose affects the design decisions

and operation of recharge facilities.
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Figure 27: Change in conductivity values as a result of changing Sodium chloride
concentration in water
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Figure 28: Particle size distribution for the washed and sieved sand used for column
construction
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Table 23: List of emerging pollutants and their categories

Compound Type
N-Nitroso dimethylamine (NDMA) DBP
TCEP Flame retardant
TCPP Flame retardant
TDCPP Flame retardant
1,7-Dimethylxanthine Food derivative
Caffeine Food derivative
Theobromine Food derivative
Ethylparaben Food derivative
Sucralose Artificial Sweetener
Acesulfame-K Artificial Sweetener
Bromacil Herbicide
Chloridazon Herbicide
Chlorotoluron Herbicide
DACT Herbicide
Diuron Herbicide
Isoproturon Herbicide
Linuron Herbicide
OUST (Sulfameturon,methyl) Herbicide
Propazine Herbicide
Simazine Herbicide
Andorostenedione Hormone
Progesterone Hormone
Testosterone Hormone
Estradiol Hormone
Estriol Hormone
Estrone Hormone
Ethinyl Estradiol - 17 alpha Hormone
17 alpha-ethynylestradiol Hormone
17-beta-Estradiol Hormone
4-androstene-3,17-dione Hormone
Equilin Hormone
Estriol Hormone
Estrone Hormone
Testosterone Hormone
1,4-dioxane Industrial by-product
BPA Industrial by-product
Butylparaben Personal Care Product
Isobutylparaben Personal Care Product
Methylparaben Personal Care Product
Propylparaben Personal Care Product
Triclocarban Personal Care Product
Atrazine Pesticide
Cyanazine Pesticide
DEA Pesticide
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DEET Pesticide

DIA Pesticide

Metazachlor Pesticide

2,4-D Pesticide
Acetaminophen Pharmaceutical
Albuterol Pharmaceutical
Amoxicillin (semi-quantitative) Pharmaceutical
Atenolol Pharmaceutical
Bezafibrate Pharmaceutical
Carbadox Pharmaceutical

Carbamazepine

Pharmaceutical

Carisoprodol

Pharmaceutical

Cimetidine (semi quantitative)

Pharmaceutical

Cotinine Pharmaceutical
Dehydronifedipine Pharmaceutical
Diazepam Pharmaceutical
Dilantin Pharmaceutical
Diltiazem Pharmaceutical
Erythromycin Pharmaceutical
Flumegine Pharmaceutical
Fluoxetine Pharmaceutical
Ketoprofen Pharmaceutical
Ketorolac Pharmaceutical
Lidocaine Pharmaceutical
Lincomycin Pharmaceutical
Lopressor Pharmaceutical
Meclofenamic Acid Pharmaceutical
Meprobamate Pharmaceutical

Nifedipine (semi quantitative)

Pharmaceutical

Norethisterone

Pharmaceutical

Oxolinic acid Pharmaceutical
Pentoxifylline Pharmaceutical
Phenazone Pharmaceutical
Primidone Pharmaceutical
Quinoline Pharmaceutical
Sulfachloropyridazine Pharmaceutical
Sulfadiazine Pharmaceutical

Sulfadimethoxine

Pharmaceutical

Sulfamerazine

Pharmaceutical

Sulfamethazine

Pharmaceutical

Sulfamethizole

Pharmaceutical

Sulfamethoxazole

Pharmaceutical

Sulfathiazole

Pharmaceutical

Theophylline (semi-quantitative)

Pharmaceutical

Thiabendazole

Pharmaceutical

Trimethoprim

Pharmaceutical

Bendroflumethiazide

Pharmaceutical

Butalbital

Pharmaceutical

Chloramphenicol

Pharmaceutical
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Clofibric Acid

Pharmaceutical

Diclofenac Pharmaceutical
Gemfibrozil Pharmaceutical
Ibuprofen Pharmaceutical
Naproxen Pharmaceutical
Triclosan Pharmaceutical
Warfarin Pharmaceutical
Perchlorate Propellant/Fertilizer
lohexal X-ray contrasting agent
lopromide X-ray contrasting agent
4-nonylphenol - semi quantitative Surfactant
4-tert-Octylphenol Surfactant
Perfluoro octanesulfonic acid - PFOS Surfactant
Perfluoro-1-butanesulfonic acid -PFBS Surfactant
Perfluoro-1-hexanesulfonic acid - PFHX Surfactant
Perfluoroheptanoic acid - PFHpA Surfactant
Perfluoro-n-nonanoic acid -PFNA Surfactant
Perfluorooctanoic acid - PFOA Surfactant
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