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ABSTRACT

The presence of contaminants of emerging concern (CECs) in the environment is a

growing field of research for analytical environmental scientists. CECs are a class of

anthropogenic pollutants not regulated by governmental agencies, and their potential deleterious

environmental and human impacts are largely unknown. One of the main sources of CEC entry

into the aquatic environment is wastewater treatment plant (WWTP) effluent as the treated water

is often released into bodies of water, such as river and streams. Because most WWTPs were not

designed to remove organic micropollutants, many CECs are poorly removed in traditional
WWTPs and persist in the treated effluent waters. As a model system for study, the University
Park WWTP treats the wastewater from the Penn State main campus. Following primary and
secondary treatment, effluent water is then disinfected using sodium hypochlorite (“chlorine
contact”) and pumped for spray irrigation of over 500 acres of agricultural and forested lands
called the Living Filter.

The full characterization of CECs in environmental matrices requires the use of both
targeted and non-targeted analysis employing a variety of advanced analytical techniques and
multi-residue extraction methods. Comprehensive two-dimensional gas chromatography
(GCxGC) coupled to time of flight mass spectrometry (TOFMS) is utilized for the separation
and analysis of complex samples, such as wastewater. In these studies, GCxGC-TOFMS has
been utilized for the non-targeted analysis of wastewater influent, effluent, and Living Filter
irrigation water. Over the course of three years, these samples were investigated for CECs,
revealing a new class of benzotriazole corrosion inhibitors and their transformation products.
The tentatively identified chloromethyl-benzotriazole isomers were detected at higher

concentrations in the effluent and irrigation water than the influent. Upon further investigation



with a lab-scale synthesis, it was determined that the methyl-benzotriazoles in the influent react
with sodium hypochlorite during chlorine disinfection to form previously unidentified
chloromethyl-benzotriazoles. These compounds were not detected in the groundwater below the
Living Filter.

Traditionally, the extraction of wastewater and aqueous environmental samples is
performed using liquid-liquid extraction (LLE). This method is time consuming and solvent
intensive therefore a microextraction method, stir bar sorptive extraction (SBSE) was
investigated. SBSE and LLE were compared for their application to multiclass organic
contaminants in the University Park wastewater with GCxGC-TOFMS. LLE was found to be a
better method for the quantitative analysis of a broader range of contaminants. SBSE was
determined to be a more sensitive method for the non-targeted analysis of trace contaminants in
effluent samples. These extraction methods were further tested and verified using wastewater
from the Bellefonte, PA municipal WWTP as well as surface waters downstream of the WWTP
outfall. 32 CECs, including a variety of pharmaceuticals and personal care products, were
detected and tentatively identified in the samples.

To further explore the fate and transport of CECs in the University Park wastewater, the
soil and crops at the Living Filter were investigated. Specifically, corn roots, leaves, and grain
were examined separately to determine the uptake and translocation of contaminants throughout
the plant. The Living Filter samples were also compared to a corn crop control site at the
agricultural research center at Rock Springs because it is not irrigated with the WWTP effluent.
Target compounds detected in the soil and corn samples include herbicides, phthalates, and
polycyclic aromatic hydrocarbons. Non-targeted principal component analysis of each sample

type showed chemical differences between the control and Living Filter samples attributed to the



treated wastewater irrigation. In addition, new chloro-dimethyl-benzotriazole compounds were

tentatively identified in the wastewater as well as the Living Filter soil and corn root samples.

Lastly, another class of CEC, microplastic particles (MPs), was investigated using a
different set of analytical techniques. The surface characteristics and chemical composition of
neat MP standards were compared to those extracted from personal care products and effluent
water from the University Park WWTP. Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy, Scanning Electron Microscopy, and Optical Profilometry were all utilized
for a more comprehensive view of the MP samples. This proof-of-concept study is the first to
combine the three methods for MP analysis and demonstrate that MPs extracted from personal
care products and WWTP effluent differ greatly from neat microsphere standards of similar

sizes.

The following research presented in chapters 2-6 has been published or submitted for
publication in peer reviewed journals. Chapter 2 has been published in Science of the Total
Environment and chapter 6 was published in Analytical Methods. Chapter 3 has been accepted
for publication in Talanta. Chapter 4 has been submitted for publication in Analytical Methods
and chapter 5 has been submitted to Chemosphere. | am first author on all five of these

publications.
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Chapter 1

Introduction



1.1 Contaminants of Emerging Concern

Anthropogenic pollution of the environment is a global problem contributing to the
increasing scarcity of clean drinking water. Over the past few decades, the study of contaminants
of emerging concern (CECs) in the terrestrial and aquatic environment has become a major topic
of research. Many classes of chemicals can be characterized as CECs, including but not limited
to, nanomaterials, per- and polyfluoroalkyl substances, pharmaceuticals and personal care
products, and brominated flame retardants. The long held view, “dilution is the solution to
pollution” is proving false as CECs are often found at low concentrations in the aquatic
environment and yet they have shown detrimental effects on aquatic life>*. CECs are not only
found in the environment, they have also been detected in drinking water and drinking water
sources™ 8.

Little is known about the toxicological impacts of CECs on aquatic and human life
because many of the compounds have only recently begun to be studied. In addition, CECs are
unregulated in the environment and, despite the U.S. EPA Safe Drinking Water Act (SDWA),
the majority of the compounds remain unregulated in treated drinking waters. The EPA currently
has two systems for the monitoring and eventual regulation of CECs in drinking water. The
Contaminants Candidate List (CCL) is written by the EPA every five years and contains
suspected drinking water contaminants that should be considered for potential regulation.t
Informed by the CCL, the Unregulated Contaminant Monitoring Rule (UCMR) of the SDWA
requires that drinking water systems monitor for 30 contaminants to provide data on their
occurrence in drinking water. The monitoring information is used to inform future regulations for
drinking water. The EPA can also use Clean Water Act (CWA) authorities to address CECs in

environmental waters. One of the main ways the EPA can limit the discharge of CECs in natural



waters is through the National Pollutant Discharge Elimination System permits which regulates
the discharge effluent water of many occupations from aquaculture to municipal WWTP’s®.
Regulations can be either technology-based or water-quality-based depending on this discharging
establishment. Non-public owned discharge facilities are also subject to regulation by Effluent
Limitation Guidelines (ELGs) which are the minimum standards for industrial water discharge®.
Much more monitoring and toxicological information is needed for the majority of CECs before

they can be included in ELGs or added to the Priority Pollutant List or Toxic Pollutant List.
1.1.1 Fate and Transport

CEC:s enter the environment through a variety of routes including landfill leachate and
sewer overflow and leakages®. However, WWTPs are attributed as the main source of CECs,
through the discharge of raw and treated wastewater from hospital, municipal, and industrial
WWTPs as well as the runoff from the agricultural application of wastewater sludge known as
biosolids®. Many CECs are poorly removed in traditional WWTPs utilizing primary and
secondary treatment methods. These facilities were originally designed to remove suspended
solids and nutrients and not more recently known contaminants such as polar organic
micropollutants.!* Advanced treatment methodologies, such as activated carbon and UV/H20:
oxidation, have been tested for the improved treatment of CECs*213, Despite new lab scale
treatment methods, WWTPs are currently a continuous source of a wide range of CEC
compounds and it is unknown what impact this chronic exposure can have on aquatic life and
human health.

Biodegradation is one of the pathways for the removal of CECs in wastewater as well as
in the environment. In secondary treatment at WWTPs, co-metabolism has been shown as the

primary biodegradation process for the removal of CECs in wastewater?. In soils, CEC removal



and transformation has been attributed to sorption, and both aerobic and anaerobic degradation,
depending on the contaminant and soil characteristics***°. In aquatic environments, aerobic
conditions are the predominant biodegradation mechanism, however, the combination of aerobic
and anaerobic conditions can significantly improve biodegradation of CECs'®. Additional
removal pathways for CECs in the environment include photodegradation, volatilization, and
plant uptake, translocation, and phytodegradation”8, While current research on these removal
mechanisms for CECs in the environment is growing, the environmental fate and transport of
CECGCs is still mostly unknown. The majority of the scientific literature focuses on the occurrence
of CEC parent compounds using targeted analysis methods. However, the environmental
degradation processes listed above lead to the formation of degradation and transformation

products that are not well characterized and may be harmful'®%,

1.1.2 Benzotriazole Corrosion Inhibitors

One class of CEC investigated in this study are benzotriazole compounds. Benzotriazoles
are complexing agents used as corrosion inhibitors in many applications, such as engine coolants
and airplane deicers?*. They are also used in domestic applications for silver protection in
dishwashing detergents??. Benzotriazoles form thin complexing films on metal surfaces, such as
copper, blocking the active sites for corrosion?3, They are considered high volume production
chemicals and are ubiquitous in WWTPs and the environmental waters. The most commonly
detected and studied forms of benzotriazoles in the environment are shown in Figure 1-1 and
include 1H-benzotriazole, 5-methyl-1H-benzotriazole, 4-methyl-1H-benzotriazole, 5,6-dimethyl-
1H-benzotriazole, and 5-chloro-1H-benzotriazole. The 4 and 5-methyl-1H-benzotriazoles often
exist as a mixture termed tolyltriazole and the 5,6-dimethyl-1H-benzotriazole is also known as

xylytriazole.
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Figure 1-1: Structures of the most commonly studied benzotriazoles.

Benzotriazoles are resistant to biodegradation and are inefficiently removed in traditional
WWTPs?*. Advanced treatment methods, such as granular activated carbon, ozonation, and
photodegradation, have been shown to be effective tertiary treatment methods for benzotriazoles
removal?®. Incomplete removal in WWTPs leads to residual concentrations of benzotriazoles in
receiving environments. These compounds are mobile and persistent and have been found in
surface waters, sediments, groundwater, soils, air, and drinking waters®. They have also been
detected in plants, fish, and human urine and tissue, although these studies are minimal?®. In this
study, several benzotriazoles were detected in the University Park WWTP influent and effluent?.
The benzotriazoles and their transformation products are characterized and quantified in Chapter

2 as well as their environmental fate and transport detailed in Chapter 5.



1.1.3 Microplastics

Another class of CEC studied in this work is microplastic (MP) debris. Since the plastic
production boom began in the 1950s environmental plastic pollution has grown along with the
increase in production and consumption globally. Plastic, a main component of marine pollution,
makes up 75% of all shoreline debris?’. MPs are defined as plastic particles <5 mm in size that
originate from anthropogenic sources, such as from cosmetics and manufacturing pellets
(primary sources) and from the breakdown and fragmentation of larger plastics (secondary
sources)?’. MPs from secondary sources dominate the debris found on beaches and in the marine
environment. MPs enter WWTPs through domestic applications of cosmetics and as the synthetic
fabric fibers, such as latex and nylon, released from clothing during washing. MPs are
incompletely removed in typical WWTPs and their discharge is a route for MP introduction into
fresh water streams and rivers?-%,

MPs have been detected in both marine and freshwater systems, and found on the shores
of every continent. They have also become ubiquitous in the soil environment due to the use of
plastic mulches, packaging materials, and application of sewage sludge and wastewater
irrigation®L. Figure 1-2 outlines the sources and potential impacts of MPs in the soil environment.
There are many concerns in regards to the presence of MPs in the environment and scientific
research into the hazards posed by MPs is limited but growing. The ingestion and accumulation
of MPs in aquatic life is a global trend® and there are potential negative health effects for
humans through contact by ingestion, inhalation, and dermal contact®®. Of particular concern
related to ingested MPs is their ability to act as carriers for organic compounds as they travel
through the environment®*. Analysis of MPs from the environment identified sorption of many

organic contaminants, such as polycyclic aromatic hydrocarbons, poly chlorinated biphenyls, and



antibiotics®. It is also theorized that weathering processes enhance the sorption of organic
micropollutants to MPs due to the increased surface area and oxidation groups®. The approach
taken in this study was to utilize a variety of surface analysis techniques to both qualitatively and
quantitatively characterize MP standards as well as those extracted from personal care products

and WWTP effluent®®. This work is detailed in Chapter 6.

Once MPs enter a complex

terrestrial ecosystem, aging
MPs may absorb and
concentrate more pollutants,
posing a higher ecological
threat,

Biological participation
Resident organisms could r ‘ 1
ingest and adsorb  vast )
amounts of MPs, affecting -
their digestive system and the

i
bacterial community. . ; Q SN,

Figure 1-2: The fate and effects of MPs in soil environments. Adapted from Wang et al.*



1.2 Study Site

1.2.1 University Park Wastewater Treatment Plant

The University Park WWTP serves the Penn State main campus and is permitted to treat
up to 4 million gallons of wastewater influent per day. All influent water first goes through
primary treatment solids/grit and rag removal followed by one of two secondary treatment
tracks: activated sludge or trickling filters. The water treated with the trickling filters is further
treated with a biological nutrient removal process for the removal of nitrates. All treated waters
are then combined for disinfection in the chlorine contact chamber for about an hour. All treated
effluent is then pumped out for use as spray irrigation. The full WWTP diagram is shown in

Figure 1-3. Chapters 2,4, and 6 examine samples taken from the University Park WWTP.
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Figure 1-3: Full diagram of the Penn State University Park WWTP. Reprinted with permission
from Joe Swanderski, Facilities Supervisor.
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1.2.2 The Living Filter

All of the treated effluent water from the University Park WWTP is pumped out for spray
irrigation at a site called the Living Filter. The Living Filter experiment began in 1963 when only
part (half a million gallons per day) of the wastewater was sprayed there *’. Beginning in 1983,
Penn State transitioned into spraying the entirety of their treated wastewater at the Living Filter.
The site consists of two locations NW of the main campus (shown in Figure 1-4): the Astronomy
site and the Gamelands site. The Living Filter is one of the longest running and best documented
wastewater spray irrigation sites in the world and it consists of over 500 acres of forested, crop,
and grass lands. The site has an added benefit of acting as tertiary treatment for the water as it
travels through the ~100 feet thick soil and geologic material before reaching the groundwater38.
Chapters 2 and 5 examine samples taken from the Living Filter Gamelands site, including water

from an active spray head, groundwater, soil, and corn crop.



.\

Figure 1-4: Map of the Penn State Living Filter detailing the Astronomy and Gamelands site.

Adapted from Hagedorn®,

11



12
1.3 Instrumentation

The most commonly used analytical methods for the investigation of CECs in wastewater
and environmental matrices are chromatography, both liquid (LC) and gas (GC), coupled to mass
spectrometry (MS). As many of these contaminants are present at trace levels, instrumental
analysis must be sensitive enough for the detection of analytes at pg/L to ng/L levels in agueous
samples, and ng/g to pg/g levels in solid samples. A recent review of the chromatographic and
sample preparation methods used for CEC analysis in wastewater and natural waters is

summarized by Garcia-Corcloes et al*.

Wastewater and environmental matrices are complex samples that contain a wide range
of different chemical classes. Typical characterization of these samples involves targeted
methods which employ lengthy sample preparation and cleanup protocols followed by
chromatographic analysis for the detection and possible quantification of a list of suspected
target contaminants following instrument calibration with known reference materials. Examples
of these types of analyses include the test methods under US EPA SW-846 for the analysis of
hazardous waste including wastewater and environmental samples. These methods, while
effective for the compounds of interest, do not really allow for the characterization of non-
targets. Many CECs are not included in targeted analyte lists and would thus not be discovered

using only targeted methods.

One method that has effectively been utilized for the non-targeted analysis of complex
environmental samples is comprehensive two-dimensional gas chromatography (GCxGC) often
coupled to time of flight mass spectrometry (TOFMS) or high resolution (HR) TOFMS*. Since
its inception over 20 years ago*?, GCxGC has advanced tremendously in both application and

instrumentation®. This innovative separation technique boasts many improvements over
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traditional one-dimensional (1D) GC: much greater peak capacity, enhanced resolution, and
often improved sensitivity, depending on the type of modulator and detector that are used. These
features make GCxGC a powerful technique for the separation of complex mixtures and
challenging matrices commonly found in samples associated with wastewater and environmental
samples. Among all currently available separation techniques, GCxGC is capable of the greatest
separation power for compounds with sufficient vapor pressure for GC analysis. Despite the
advantages of GCxGC over traditional one-dimensional separation, this two-dimensional
technique is not as widely used because of the increased cost and complexity in method
development and data analysis. Also, while traditional GC has been practiced for more than a

century, the technique of GCxGC is relatively new.

The main components of a GCxGC system can be broken into three parts: the dual
column ensemble, the column-to-column interface termed the modulator, and the detector*. In
GCxGC, samples are injected into the instrument in the same way as traditional 1D GC. Instead
of entering the detector after separation on the primary column, the eluate enters the modulator
which is placed in between the two columns. During the entire analysis, the modulator
continuously traps and reinjects packets of eluate from the first-dimension column onto the
second-dimension column. Ideally, this second separation is fast because the modulator will
continue to inject the first-dimension eluate throughout the analysis. The second-dimension
column is typically very short (0.5-2 m) and is sometimes housed in a separate oven held at a
higher temperature. To achieve the best separation, the two columns used in GCxGC should be
of different stationary phases to create an orthogonal separation with the greatest peak capacity

possible.
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At the end of a GCxGC separation, the resulting data is a series of short, nearly
isothermal, second dimension chromatograms. To produce a three-dimensional image, these
short chromatograms are stacked side-by-side, with the x-axis representing the first-dimension
retention time and the y-axis representing the second-dimension retention times. This
transformation, enabling meaningful visualization of the data is performed by software, either
that is included in the instrument package or a laboratory written program. These programs
collapse the image into a series of contour lines and induce false-coloration related to signal
intensity for better visualization of major and minor peaks. Three-dimensional surface plots
represent the same information as contour plots and can be used interchangeably. Figure 1-5
details the GCxGC process from modulation to chromatogram.

In this work, GCxGC-TOFMS is utilized for the targeted and non-targeted analysis of
CECs in wastewater and wastewater impacted samples. Chapter 3 details a comparison of
extraction methods for the analysis of CECs in the Penn State wastewater®® and Chapter 4
examines CECs in a municipal WWTP in Bellefonte, PA as well as surface water downstream of

the WWTP discharge point“.
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Figure 1-5: The diagram of GCxGC modulation and generation of 2D chromatograms. Adapted
from Dalllge et al.**
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2.1 Abstract

Wastewater treatment plants (WWTPSs) are one of the major sources of contaminants of
emerging concern (CECs) in the environment. Benzotriazole corrosion inhibitors are a class of
CEC:s that are resistant to biodegradation and have been reported in waters varying from WWTP
effluent to groundwater and drinking water. This study examined wastewater influent and
effluent grab samples over three years using Comprehensive Two-Dimensional Gas
Chromatography (GCxGC) to discover six target benzotriazoles, four of which have never been
properly characterized in water prior to this work. The six benzotriazoles were two methyl
isomers (4-methyl-1H-benzotriazole and 5-methyl-1H-benzotriazole) as well as four
chloromethyl isomers (previously unidentified). Using targeted analysis, the benzotriazoles were
quantified and semi-quantified in the wastewater. In all seasons sampled but one, the
concentration of three of the four chloromethyl-benzotriazoles increased from the influent to
effluent waters. For the first time, it was observed that the 4 and 5-methyl-benzotriazoles interact
with the sodium hypochlorite in the tertiary treatment step of the WWTP leading to the
formation of the four chloromethyl-benzotriazoles. This was confirmed with lab scale synthesis
of the reaction where the products were chromatographically analyzed and matched mass
spectral and retention time data of the water samples. Assisted by the mass spectral
fragmentation information, the four chloromethyl-benzotriazole isomers were tentatively
identified as 4-chloromethyl-2H-benzotriazole, 5-chloromethyl-1H-benzotriazole, 4-
chloromethyl-1H-benzotriazole, and 5-chloromethyl-2H-benzotriazole, in order of elution. No
analytical standards are available for the chloromethyl-benzotriazole compounds and this is the
first attempted identification of them in waters. The yearly mass loadings of total benzotriazoles

were estimated to average between 148.86 — 394.64 kg/year at this particular facility. The
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WWTP studied reuses all effluent water for irrigation of crop and forested land so this high value
of benzotriazoles entering the environment is concerning and the impacts need to be further

studied.
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2.2 Introduction

The detailed organics analysis of complex environmental samples is a problem that the
analytical separations community has been working to resolve through the implementation of
new methods, novel techniques, and advanced instrumentation. For decades, analytical
instrumentation has been dedicated to the identification and quantification of legacy persistent
organic pollutants (POPs) in the environment, but recently attention has shifted to the newer,
non-regulated pollutants known as Contaminants of Emerging Concern (CECs). CECs in
environmental waters can be attributed to a variety of sources ranging from pharmaceuticals and
personal care products (PPCPs) to common household products containing brominated flame
retardants *. One of the primary routes of CEC transport into the environment is due to the
incomplete removal and eventual release in effluent waters from Wastewater Treatment Plants
(WWTPs) 2. CECs from WWTPs are of particular interest due to the continuous introduction
into the environment, either through effluent discharge to local surface waters or reuse for
irrigation. It is unknown and of scientific concern how CECs interact with aquatic and plant life

as well as their fate and transport through the environment.

Benzotriazoles (BZTs) are one class of CECs that have appeared ubiquitous to WWTPs
and the aquatic environment in recent years 3. BZTs are frequently used as metal corrosion
inhibitors and additives used from aircraft deicing fluids to dishwashing detergents ©. The most
commonly studied BZTs are 1H-benzotriazole and tolyltriazole (TT), a technical mixture of the 4
and 5-methyl-benzotriazole isomers, although some studies have also analyzed the hydroxy-
benzotriazoles, 5,6-dimethyl-1H-benzotriazole, and 5-chloro-benzotriazole’®. BZTs are highly
water soluble and resistant to biodegradation, leading to their poor removal in municipal

WWTPs. Ozonation may be an effective tertiary treatment step for the removal of the common
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BZTs ° although BZTs have been seen to form ozonation by-products during this treatment 1011
which is concerning because ozonation is a common drinking water disinfection process. BZTs
are also shown to form transformation products during sunlight photolysis 2, UV and UV/H20:

treatment 1, aerobic biological degradation *, and chlorination *°.

Targeted analysis has been the gold standard for the examination of contaminants in
environmental samples, but this method requires reference materials and only screens for a
limited number of analytes, often missing information about other components in what can be
chemically-complex samples. Comprehensive Two-Dimensional Gas Chromatography
(GCxGC) coupled to Time-of-Flight Mass Spectrometry (TOFMS) offers much greater peak
capacity and sensitivity than traditional one-dimensional GC methods, commonly used for
targeted analysis. GCxGC-TOFMS allows for both suspect screening and nontarget screening of
CECs in wastewater and environmental water samples revealing components of samples that
would be missed with targeted analysis alone %17, The implementation of these techniques is

critical for the discovery of trace and potentially ultra-trace CECs in complex sample matrices.

The aim of this work is to utilize comprehensive multidimensional chromatographic
separation with targeted analysis for the tentative determination and quantification of BZT
corrosion inhibitors in wastewater influent and effluent. GCxGC - TOFMS allowed for the

detection and chemical structure elucidation of previously unknown BZTs.



26

2.3 Materials and Methods

2.3.1 Reagents and Standards

Semivolatile (SV) internal standard mix and the surrogate mixes were purchased from
Restek Corp. (Bellefonte, PA, USA). The surrogate standards include the acid surrogate standard
mix (3/90 SOW), B/N surrogate standard mix (3/90 SOW) and QUEChERS internal standard mix
for GC-MS analysis. The complete surrogate mix includes 2-chlorophenol-d4, 2-fluorophenol,
phenol-d6, 2,4,6-tribromophenol, 1,2-dichlorobenzene-d4, 2-fluorobiphenyl, nitrobenzene-d5,
p-terphenyl-d14, PCB 18, PCB 28, PCB 52, triphenylmethane, triphenylphosphate, and tris(1,3-
dichloroisopropyl) phosphate. 4-methyl-1H-benzotriazole (>90.0% HPLC grade) and
1-chloromethyl-1H-benzotriazole (>98% purity) were purchased from Sigma-Aldrich (St Louis,
MO, USA). 5-methyl-1H-benzotriazole (>98% purity) was from Acros Organics (New Jersey,
USA). 1-methyl-1H-benzotriazole (>98% purity) was from Alfa Aesar (Ward Hill, MA, USA).
Analytical grade dichloromethane and ethyl acetate were purchased from Avantor (Center
Valley, PA, USA). Ultrapure water was delivered by the lab system Millipore Milli-Q Academic
Ultrapure Water System (Billerica, MA, USA). Samples of the four corrosion inhibitors used on
the Penn State, University Park, PA campus, were obtained from the Office of Physical Plant
(OPP). The corrosion inhibitors are all manufactured by GE Betz, Inc and include Gengard
GNB8143, Spectrus NX1100, Spectrus OX909 and Inhibitor AZ8104. Before chromatographic
analysis, the corrosion inhibitors were extracted with dichloromethane: 1 mL of each was diluted
with 10 mL of DI water and extracted with 5 mL of dichloromethane. These samples were

diluted as needed prior to GC analysis.
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2.3.2 Sample Collection

Over the course of three years, water samples were collected from the Penn State
University Park WWTP. After undergoing primary, secondary, and tertiary treatment at the
WWTP all effluent water is reused for spray irrigation of crop and forest land, known as the
Living Filter Spray Fields. Samples were gathered in July 2016, October 2016, October 2017 and
September 2018. During each sampling trip, three grab samples were taken from the pre-
treatment influent tank and the post-treatment chlorine contact effluent tank. These samples were
collected in 500 mL pre-cleaned amber glass jars with PTFE closures. A method trip-blank with
500 mL Milli-Q water was prepared and taken to the sampling sites in the collection cooler. The
samples were stored at 4°C until extraction within 7 days of collection. Samples have also been
previously collected in the same manner from active sprayers at the Living Filter site and from a

groundwater monitoring well below the spray fields.

2.3.3 Sample Extraction

Water samples were extracted using a modified USEPA Method 3510C Separatory
Funnel Liquid-liquid Extraction®8. For each sample, 400 mL of water was measured from the
homogenized sample for extraction using 1-liter separatory funnels. The three surrogate standard
mixes were added into the samples at a final extract concentration of 500 ng/mL, except for the
influent samples which were spiked 4 times higher for planned dilution before instrument
analysis. Each sample was serially-extracted 3 times under both basic (pH=12) and acidic
(pH=2) conditions using 25 mL of dichloromethane as the extraction solvent. When the extracts
formed an emulsion, they were centrifuged for 3 min at 3000 rpm (IEC Centra-8 Centrifuge,

Geneva 20-Switzerland) to separate the two phases. Kuderna-Danish evaporative concentration
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was used to concentrate the samples to a final volume of 1 mL or 1.5 mL (2016 samples).

Sample extracts were stored in a freezer at -20°C until analysis.

2.3.4 Synthesis of Chloromethyl-benzotriazoles

A modified synthesis procedure for the chloromethyl-benzotriazoles was followed,
combining the two literature methods!®2° Approximately 1 g each 5-methyl-1H-benzotriazole
and 1-methyl-1H-benzotriazole were placed into separate 125 mL Erlenmeyer flasks with 18.2
mL of 6% w/v sodium hypochlorite in water. The reaction mixture was gently stirred for 24
hours, then transferred to a 125 mL separatory funnel and extracted three times with 15 mL
aliquots of ethyl acetate. Only a small amount of the 4-methyl-1H-benzotriazole standard was
available, so a microscale reaction was performed using 0.23 mg of the solid stirred for 24 hours
in 10 mL of 0.15% w/v sodium hypochlorite in water. This mixture was extracted with three
aliquots of 5 mL ethyl acetate. The top organic layer was collected from each extraction and
dried with anhydrous sodium sulfate before dilution and analysis by GC-MS using a 6890/5973

system (Hewlett Packard).

2.3.5 Instrumental Analysis

All sample extracts were analyzed with a Pegasus 4D GCxGC -TOFMS instrument
(LECO Corp., St. Joseph, MI, USA). The gas chromatograph was a 7890A GC system (Agilent
Technologies, DE, USA) equipped with a Gerstel Multipurpose Sampler (Gerstel, Inc.,
Linthicum, MD, USA). The column ensemble consisted of an Rxi-5 Sil MS 60 m x 0.25mm ID x
0.25 pm df in the first dimension coupled to an Rtx-200 1.1 m x 0.25mm ID x 0.25 pm df in the
second dimension with a 0.6 m x 0.18mm ID IP deactivated guard column leading into the
TOFMS. All of the columns were provided by Restek Corp. The columns were connected using

SilTite p-union connectors (Restek Corp.). The modulation period was 3.00 seconds with a 0.95
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second hot pulse and 0.55 second cold pulse. The carrier gas was helium at a constant flow rate
of 2.00 mL/min. 1 pL of the sample was injected into a standard split/splitless injector in
splitless mode with a 90 second purge time and 50 mL/min purge flow, held at 250°C for the
entire run. The primary oven began at a temperature of 40°C held for 1.50 min and was ramped
at 3.50 °C/min to 315°C for a hold time of 10.00 min. The secondary oven temperature was
offset by +5°C and followed the same ramp as the primary oven. The modulator temperature
offset was set at +20°C from the primary oven temperature. The electron ionization (EI) energy
was 70 eV, the collected mass range was 50-550 amu at an acquisition rate of 200 spectra/second

and the mass defect was set at -20 mu/100u.

All GCxGC data was processed using the ChromaTOF software (LECO Corp.) version 4.71.0.0.
Peak picking, spectral deconvolution, peak integration, and spectra searching was all performed
with ChromaTOF. The National Institute of Standards and Technology (NIST, Gaithersburg,
MD, version 2017) mass spectral library was used for the preliminary identification of peaks

with a minimum similarity match of 700.

Targeted analysis of the BZT compounds was performed on a Pegasus BT 4D (Leco Corp.) in
1D mode. This instrument is sensitive enough to analyze the target compounds in 1D so GCxGC
mode was not needed. The column ensemble consisted of an Rtx-1 60 m x 0.25mm ID x 0.25 pm
df in the first dimension coupled to an Rxi-17 MS 1.1 m x 0.18mm ID x 0.18 um df in the
second dimension with a 1.0 m x 0.18mm ID IP deactivated guard column leading into the
TOFMS. The samples were analyzed at a 10:1 split at an inlet temperature of 290°C and a
column flow of 1.2 mL/min through the entire run. The initial oven temperature was 60°C hold

for 1.00 minute, ramp at 8.00°C/min to a final temperature of 320°C with no hold time.
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2.3.6 Quantification/ Semi-Quantification and Removal Rates

Internal standard quantification and semi-quantification was performed using the Leco
ChromaTOF Data Processor Version: 1.2.0.6. Quantification was based on the average of the
response factor for each standard and internal standard. The internal standards were deuterium-
labeled polycyclic aromatic hydrocarbons spiked into all calibration standards and samples at 50
ng/mL. Before any targets or unknowns were quantified, the surrogate extraction recoveries were
verified using USEPA Method 8270D for the analysis of SV organic compounds by GC/MS?*.
Both 4-methyl-1H-benzotriazole and 5-methyl-1H-benzotriazole were quantified in the samples
against the analytical standards and were quantified using the EIC at 104 m/z. The four
chloromethyl-benzotriazole unknowns were all semi-quantified from the TIC of the 1-
chloromethyl-1H-benzotriazole standard because it is the most structurally similar to the
unknowns and is the only chloromethyl-benzotriazole isomer commercially available. The
standard curves were prepared in dichloromethane and analyzed before sample extracts over a

range of 10-1000 ng/mL for each target compound.

Using the concentrations of BZTs in WWTP influent and effluent, the daily mass loading
(DML) (g of BZT/day) of these compounds to the Living Filter spray fields was calculated by
multiplying its concentration in the effluent (ug/L) by the average daily wastewater flow
(6.4x10° L/day) given by the WWTP. From this, the yearly mass loading (YML) was also
calculated. The percent change of these compounds from the influent to effluent was also
calculated using eq.1, where Cin and Cerr are the concentration of the analyte in the influent and

effluent waters, respectively.

Percent Change (%) = (@) x 100 (1)

IN
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2.4 Results and Discussion

2.4.1 Targeting CECs in samples

A 2015 study searching for CECs in the Penn State wastewater tentatively identified

BZTs in the pre-treatment influent and post-treatment effluent waters 2. These compounds were
likely attributed to the use of corrosion inhibitors in the open-loop systems used in the cooling
towers at Penn State. The previous study did not attempt to identify each unknown BZT or
quantify their presence in the waters. Waters from the influent, effluent, active spray heads and
ground waters under the Living Filter were all sampled. The influent and effluent GCxGC
chromatograms are displayed in Figure 2-1 with the six peaks of interest circled and highlighted
in Figure 2-2. The six BZT compounds appear in a small area of the chromatograms. Compound
type clustering is a useful advantage of GCxGC as unknown compounds can be tentatively
identified based on their location in the 2D space compared to known compound class groupings

on the chromatogram.

The first two eluting BZT compounds seen in Figure 2-2 were identified by ChromaTOF
as 4-methyl-1H-benzotriazole and 5-methyl-1H-benzotriazole with NIST mass spectral library
match similarities over 900 (90%) for both. The 4 and 5-methyl-1H-benzotriazole standards were
purchased and used to confirm the assigned peak identifications. The third peak in this section
was not a benzotriazole but was identified as diethyl phthalate, a common plasticizer and
additive in personal care products. By comparing the retention times and mass spectra of the
wastewater sample peaks to the two standards, 4-methyl-1H-benzotriazole was found to elute
earlier than 5-methyl-1H-benzotriazole under the present GC conditions. The other four
unknown BZTs all exhibited very similar mass spectra to each other, including the distinct

isotopic pattern indicating chlorine presence. The standard 1-chloromethyl-1H-benzotriazole was
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obtained as it is the only commercially available chlorinated BZT with the same nominal
molecular mass (m/z=167) as the four targeted unknowns. The mass spectral fragmentation of
the 1-chloromethyl-1H-benzotriazole was very similar to that of the four targeted unknowns, but
the retention time did not match any of the compounds although it does elute close to the

unknowns.

Masses: TIC

Influent

2nd Dimension Retention Time (s)
1 15

05

1998 2198 2398 2598 2798
1st Dimension ion Time (s)

Masses: TIC

Effluent

2nd Dimension Retention Time (s)
1 15

05

1998 2198 2398 2598 2798
1st Dimension Retention Time (s)

Figure 2-1: Two-dimensional total ion chromatograms for wastewater influent and effluent. The
horizontal axis is the first-dimension retention time and the vertical axis is the second-dimension
retention time. The circles highlight the compounds of interest.
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Chloromethyl Benzotriazoles

Figure 2-2: Zoomed scale of two-dimensional extracted ion chromatogram (104 m/z) showing
the six peaks for the BZT compounds of interest
2.4.2 Analysis of Corrosion Inhibitors

Samples of the four corrosion inhibitors utilized by Penn State OPP were obtained and
analyzed, including Gengard GN8143, Spectrus NX1100, Spectrus OX909 and Inhibitor
AZ8104. Of the four mixtures, both Inhibitor AZ8104 and Gengard GN8143 contained the same
six BZTs that were found in the wastewater. The retention times and mass spectra of the BZTs in
the corrosion inhibitors matched those in the wastewater samples. The MSDS information from
the corrosion inhibitors lists the presence of three different BZTs in the mixtures. Sodium
Tolyltriazole (CAS# 64665-57-2), the mixture of 4 and 5-methyl-1H-benzotriazole, is listed for
Inhibitor AZ8104. Both 4 and 5-methyl-1H-benzotriazole were positively identified in the
wastewater samples. Chlorotolyltriazole, sodium salt (CAS# 202420-04-0) is listed for both

Inhibitor AZ8104 and Gengard GN8143. The EPA CompTox website lists C-chloro-C-methyl-
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1H-benzotriazole, sodium salt as a synonym for chlorotolyltriazole, sodium salt. No other
information is listed regarding its structure, such as the positions of the chlorine and methyl or
the number of structural isomers. The formula mass for chlorotolyltriazole isomers is 167 amu,
this is the same molecular mass obtained from the mass spectra of the four unknown BZT
targets. The rest of the mass spectral information for the unknown targets exhibit fragmentation
patterns that would be expected for chlorotolyltriazole, as seen in Figure 2-3. The peak at 169
m/z is one third of the height of the molecular ion peak, indicating the presence of a single
chlorine (isomer CI¥"). The large fragment loss of 29 m/z [N-NH] produces the ion 138 m/z
which is suspected to be the radical cation or azirine ion formation 2324, The chlorine loss
fragment is observed at 132 m/z and from there on the remaining fragments in the mass spectra
closely resemble that of the 4 and 5-methyl-1H-benzotriazole standards indicating that the
unknown compounds are likely the same base unit as the methyl-1H-benzotriazoles with the
addition of a chlorine as seen in Figure 2-4. Using this information, the four BZT unknowns

were tentatively identified as chloromethyl-benzotriazole (Chlorotolyltriazole) isomers.
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Figure 2-3: Time of flight mass spectra for (A.) the 1-chloromethyl-1H-benzotriazole analytical
standard and (B.) one of the chloromethyl-benzotriazole unknowns in the wastewater effluent.
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Figure 2-4: Time of Flight mass spectra for the 4-methyl-benzotriazole standard and one of the
unknown chloromethyl-benzotriazole isomers.

Dichlorotolyltriazole (CAS# not assigned) is also listed in the MSDS for Inhibitor
AZ8104 as an impurity. Although no structural information is included with this name, the
predicted molecular formula is CzN3Cl2Hs so the formula mass would be 201 amu. After
searching 201 m/z in the corrosion inhibitor chromatograms, four peaks were present with the
same mass spectra that would theoretically fit dichlorotolyltriazole. The mass spectrum of this
analyte can be seen in Figure 2-5. At 2 m/z greater than the molecular ion peak and two thirds of
the height, the CI*” ion peak is present indicating two chlorine atoms in the molecule. Similarly,
to chloromethyl-benzotriazole, the first loss is of 29 m/z [N-NH] and produces the ion 172 m/z
while the first chlorine loss is seen with the ion at 166 m/z. The rest of the fragmentation patterns

are similar to those seen for chlorotolyltriazole. Interestingly, none of the dichlorotolyltriazole
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compounds have been found in the wastewater samples, most likely because they are too low to

be detected with the methodology used.
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Figure 2-5: Time of Flight mass spectra for the peak tentatively identified as
dichlorotolyltriazole.

2.4.3 Quantification of BZTs in Wastewater Samples

2.4.3.1 Concentrations in Influent

Observed in Figure 2-1, the intensity of the four unknown chloromethyl-benzotriazoles
appears greater in the effluent and spray field chromatograms compared to the influent. This
apparent trend was investigated and confirmed. The 4 and 5-methyl-benzotriazoles were
quantified with their respective standards but the four unknown chloromethyl-benzotriazoles
were semi-quantified with the 1-chloromethyl-1H-benzotriazole standard, as this was the closest
standard available. The concentrations of each of the six BZTs in the samples as well as the
percent change from the influent to effluent and mass loadings are shown in Table 2-1. Results

as mean concentration values are reported from summer 2016, fall 2016, fall 2017 and fall 2018.
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Table 2-1: Mean concentration (ug/L) of the 6 BZT compounds in wastewater over the three years sampled. Methyl-benzotriazole and
chloromethyl-benzotriazole are abbreviated as MeBZT and CIMeBZT.

Summer 2016 (7-19-2016) Fall 2016 (10-13-2016) Fall 2017 (10-27-2017) Fall 2018 (9-11-2018)
In Eff % Change In Eff % Change In Eff % Change In Eff % Change
4-MeBZT 6.94 6.34 8.6 6.45  4.48 30.5 10.12  1.33 86.9 148 157 6.1
5-MeBZT 3791 227 94.0 161  0.88 453 1419  1.37 90.3 348  1.06 69.5
1st-CIMeBZT 675  25.83 61.7 481 1817 277.8 895  10.72 -19.8 582  14.16 -143.3
2nd-CIMeBZT | 18435  72.27 60.8 14.68  47.36 2226 16.88  26.01 54.1 18.08 41.17 1277
3rd-CIMeBZT | 1141  49.69 56.5 12.08 35.35 -192.6 486  18.25 2755 969  18.63 923
4th-CIMeBZT | 6161 1141 815 1087 7.34 325 3.51 5.62 -60.1 871 586 32.7
Total DML
(g/day) ; 1081.20 ; ; 731.80 - ; 407.84 - - 531.23 -
Total YML
(kglyear) ; 394.64 ; ; 267.11 - ; 148.86 - - 193.90 -
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The six BZTs were found in 100% of the wastewater samples (n=23). The mean influent
concentrations of the 4 and 5-methyl-1H-benzotriazole were in the range of 1.48-10.12 pg/L
(mean concentration: 6.25 pg/L) and 1.61- 37.90 pg/L (mean concentration: 14.30 ug/L),
respectively. These influent concentrations are comparable to those published in previous
scientific studies, finding 4-methyl-1H-benzotriazole and 5-methyl-1H-benzotriazole at low pg/L
concentrations from WWTPs in Germany and South Australia 2. For the four chloromethyl-
benzotriazoles, the summer 2016 samples were very high compared to the other three years
samples. These compounds were found to be outliers using the Grubbs Test (p<0.05). The high
values may be attributed to a larger amount of one of the corrosion inhibitor mixes being
discharged, but the authors are not aware of the use schedule by Penn State OPP as much of this
is actually contracted to a third party (John Gaudlip, PSU-OPP, personal communication). The
data in Table 2-2 is reported both including and excluding the summer 2016 influent samples and
the following values do not include the summer 2016 samples. The mean influent concentrations
of the chloromethyl-benzotriazole unknowns were semi-quantified in the range of 4.81 — 8.95
Mg/L (mean concentration: 6.53 pg/L), 14.68 — 18.08 pg/L (mean concentration: 16.55 pg/L),
4.86 — 12.08 pg/L (mean concentration: 8.88 ug/L), and 3.51 — 10.87 pg/L (mean concentration:
7.70 pg/L), listed in order of their elution. It is unknown if the chloromethyl-benzotriazoles are
similar concentrations globally because there is no literature on their presence in WWTPs. The
relative amounts of the six BZTs in the mean influent samples match those in the corrosion
inhibitor mixes Inhibitor AZ8104 and Gengard GN8143: the 5-methyl-1H-benzotriazole is more
abundant than the 4-methyl-1H-benzotriazole in addition the 2" and 3™ Chloromethyl-

benzotriazoles are more abundant than the 1% and 4™ Chloromethyl-benzotriazole.
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Table 2-2: Mean concentration (ug/L) £ variance of the 6 BZT compounds in wastewater over
time.

Total over time Total over time (without
(with Summer 2016) Summer 2016)
Mean In Mean Eff Mean In Mean Eff
4-MeBZT 6.25 + 3.6 3.43+24 6.02 +4.3 2.46 1.7
5-MeBZT 1430+167  1.40+0.6 6.43+ 6.8 1.10 £0.3
1st-CIMeBZT | 21774305 1722465 | 653+2.2  14.35+37
2nd-CIMeBZT | 5850+83.9 46.70+19.3 | 1655+1.7  38.18+11.0
3rd-CIMeBZT | 35184527 3048+151 | 8.88+3.7  24.07+09.8
AMh-CIMeBZT | 2118+27.1  7.56+2.7 7.70 + 3.8 6.27 0.9

2.4.3.2 Concentrations in Effluent

The WWTP studied employs two different treatment paths for water. All influent water
goes through the same primary treatment (grit removal and primary settling) and is then divided
for secondary treatment to either the activated sludge tanks or trickling filters with biological
nutrient removal 26. All waters are then combined for tertiary treatment with chlorine disinfection
and are finally pumped out to the spray irrigation sites. Waters collected for this study represent
samples from the pre-treatment influent and tertiary treated effluent, so it is unknown how the

individual treatment steps affect the concentrations of the BZT targets.

None of the six BZT targets were removed completely during the wastewater treatment
process. The mean final effluent concentrations of the 4-methyl-1H-benzotriazole and 5-methyl-
1H-benzotriazole ranged from 1.33 — 6.34 pg/L (mean concentration: 3.43 pg/L) and 0.88 — 2.27
Mg/L (mean concentration: 1.40 pg/L), respectively. These values include the summer 2016
samples as the effluent values were not found to be outliers. The average removal was 30% for

4-methyl-1H-benzotriazole and 75% for 5-methyl-1H-benzotriazole. Literature values show
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variable removal for TT ranging from 20-70% removal at a WWTP 2® but 4-methyl-1H-
benzotriazole has been observed to be more resistant to removal compared to 5-methyl-1H-
benzotriazole. One study found the biodegradation half-life of 4-methyl-1H-benzotriazole to be
8.5 days compared to 0.9 days for 5-methyl-1H-benzotriazole *. The average time for water to
travel through the WWTP studied is eight hours. There is limited data on the removal of 4-
methyl-1H-benzotriazole alone but Weiss et al. found negligible removal of 4-methyl-1H-
benzotriazole in conventional WWTPs with up to 25% removal after 28 days in a laboratory
biodegradation study °, while another study found the highest removal for 4-methyl-1H-
benzotriazole at 34% and 69% removal for 5-methyl-1H-benzotriazole from a WWTP in Berlin
3, Samples from this study show inconsistent removal rates because they are grab samples where

the influent and effluent samples were taken at the same time.

For all but the summer 2016 sample set, the effluent concentration of the first three
chloromethyl-benzotriazoles was higher than the influent concentration. The mean effluent
values for the chloromethyl-benzotriazoles (including the summer 2016 samples) range from
10.72- 25.83 pg/L (mean concentration: 17.22 pg/L), 26.01 — 72.27 pg/L (mean concentration:
46.70 pg/L), 18.25 — 49.69 pg/L (mean concentration: 30.48 pg/L), and 5.62 — 11.41 pg/L (mean

concentration: 7.56 pg/L), listed in order of elution.

2.4.3.3 Loads to Living Filter

The DML and YML were calculated for the combined six BZTs in the effluent samples
using the average daily and yearly flow from the WWTP. The DML and YMLs were calculated
using grab samples and may not accurately represent the actual loads of these compounds in the
water if there are significant temporal variations. Therefore, the reported results are considered

rough estimates only. The removal efficiencies and flows of WWTPs vary seasonally, but for the
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purpose of this study the grab samples are used to approximate the yearly average. The mean
total BZT DML was 688 g/day and the YML was 251 kg/year. The 2" and 3 chloromethyl-
benzotriazole compounds are present at the highest concentration in effluent samples and 72% of

the mass loadings can be attributed to these two compounds.

These high load values are concerning because the water is used to irrigate crop and
forest land. Even if this was not a feature of this particular WWTP, this represents what may be
discharged to the environment via direct discharge to a waterway if similar compounds are
expected in other WWTPs. There is existing research on the presence of emerging contaminants
in the soils and wheat at the Penn State Living Filter system, but the BZTs have not been
identified because the research has been targeted toward other compounds such as
pharmaceuticals and estrogenic compounds 2”28, In terms of toxicity concerns for the Living
Filter, few studies have examined methyl-benzotriazoles and the authors could find no
information on the toxicity of chloromethyl-benzotriazoles. Cancilla et al. found an ECso value
of 5.91 mg/L of 5-methyl-benzotriazole to luminescent bacteria, which is higher than the
measured 1.4-1.1 ug/L concentration in the effluent water from this study . The presence of
BZTs below 50 mg/L has been shown to cause seedling leaves to yellow *° but more studies need
to be conducted on the toxicity of BZTs to plants in order to understand how the effluent waters

at the Living Filter may affect the crops.

There is limited literature information on the typical mass loadings of BZTs from WWTP
effluent in general. Two studies have quantified the DML of the methyl-benzotriazole isomers.
Ina 2013 study, TT was found in effluent waters from a WWTP in Athens, Greece ranging from
5156-5737 ng/L with a DML of 4.0 kg/day®!. The effluent concentration of TT in the

Asimakopoulos study were very high compared to other literature values. From the samples in
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this analysis, the average DML of 4 and 5-MeBZT is 31 g/day, which more closely agrees with
the finding by Karthikraj and Kannan of methyl-BZT at 2.0 -32.4 mg/day/1000-people in Indian

WWTPs %2,

2.4.3.4 Groundwater

The groundwater below the Living Filter was sampled in August of 2017 at an initial
depth of 178.6 ft. The six BZTs were not detected in the groundwater at an approximate
detection limit of 2 pg/pL in extract or 2 ng/L in sample. This suggests that they are being
removed before the water percolates to groundwater where it would be recovered in the
monitoring wells. Literature values show that the 4 and 5-methyl-benzotriazole isomers persist
under both anoxic and anaerobic conditions * while the 5-methyl-benzotriazole does degrade
under aerobic biodegradation the 4-methyl-benzotriazole does not 3, meaning they may degrade
slightly near the soil surface but will not biodegrade lower down the soil profile. The
photodegradation of BZTs on soil has not been studied, but they have been found to be degraded
by sunlight photolysis when in surface waters 2 so they may be degrading while on the surface
of the soil. Sorption of the BZTs to soil is complex and not easily predicted based on the Kow or
Koc alone *°. A likely removal path for BZTs in the environment is through plant uptake and
possible phytotransformation 627, Limited studies have looked at the uptake of select BZTs
through field-grown crops *#% but Gatidou et al studied the removal of five BZTs in duckweed
Lemna minor systems and found that plant uptake was the major removal mechanism °. To the
author’s knowledge, there have been no reported studies to observe the uptake of the

chloromethyl-benzotriazoles found in this study.
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2.4.4 Tentative lIdentification of BZT Unknowns

No commercial standards are available for the chloromethyl-benzotriazole unknowns so
their following identification is tentative based on the mass spectra and information from the
chemical literature. TT is a commonly used corrosion inhibitor but Reichgott et al. found that
chlorotolyltriazole is a more effective corrosion inhibitor in the presence of chlorine 2°. This new
chlorotolyltriazole was prepared by reacting TT with sodium hypochlorite as a bleach solution.
The reaction produced a mixture of chlorotolyltriazole with unreacted TT and
dichlorotolyltriazole, although Reichgott et al. were not clear about which isomers formed or the
exact structure of chlorotolyltriazole. Figure 2-6 shows the reaction scheme proposed by Shah
and Mohanraj for the reaction of 5-methyl-1H-benzotriazole with sodium hypochlorite to form 5-
chloromethyl-1H-benzotriazole *°. A similar reaction is expected with 4-methyl-1H-

benzotriazole and sodium hypochlorite to form 4-chloromethyl-1H-benzotriazole.

N\ NaOCl N
N\ . Cl \\N

=z
=z

Figure 2-6: Scheme for the synthesis of 5-chloromethyl-1H-benzotriazole
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The Penn State University Park WWTP utilizes sodium hypochlorite disinfection as a
tertiary treatment step, therefore the proposed reaction scheme could explain the increased
chloromethyl-benzotriazole presence after treatment. Both 4 and 5-methyl-benzotriazole are
present in the water after secondary treatment and are thus reacting with the sodium hypochlorite
to form the four chloromethyl-benzotriazoles. In order to test this hypothesis, the reactions
between the 4, 5 and 1-methyl-benzotriazoles and sodium hypochlorite solution were carried out
in lab. The reaction products were analyzed by GC-MS. Upon analysis, all three reaction product
chromatograms showed two fully resolved peaks when filtering by 167 m/z, the expected mass
for the chloromethyl-benzotriazoles. The TICs also revealed peaks from the unreacted starting
materials and other unknown impurities. The four chloromethyl-benzotriazole peaks from the 4
and 5-methyl-benzotriazole reaction chromatograms eluted at the same retention time, had the
same mass spectra and appeared in the same relative ratio as the chloromethyl-benzotriazoles in
the corrosion inhibitors and wastewater samples. Of the four peaks, the 1%t and 3" are from the 4-
methyl-benzotriazole reaction while the 2" and 4™ peaks are from the 5-methyl-benzotriazole
reaction. Each reaction produced one large peak and one small peak. Interestingly, the reaction
of the 1-methyl-benzotriazole did not produce 1-chloromethyl-benzotriazole as neither of the two
products formed eluted at the same retention time as the 1-chloromethyl-benzotriazole standard.
The mass spectra of these compounds were also slightly different from the chloromethyl-
benzotriazoles shown in Figure 2-7, indicating that the chlorine may have bonded to a free
carbon on the benzene ring rather than the methyl group substituent of the triazole ring. The
products from the 1-methyl-benzotriazole reaction were not found in the wastewater or corrosion

inhibitors so they were not further investigated.
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Figure 2-7: Quadrupole mass spectra for the chloromethyl product of the 1-methyl-benzotriazole
reaction with sodium hypochlorite.

Although the literature presents limited information about chloromethyl-benzotriazoles, a
tentative identification of the structure of each chloromethyl-benzotriazole is proposed. It is well
known that BZT can exist in two tautomeric forms, but the 1H-benzotriazole is the predominant
form in solution while the 2H form is more common in the gas phase 2, Therefore, the authors
propose that the two more abundant chloromethyl-benzotriazole isomers are the 1H tautomers,
while the less abundant isomers are the 2H forms. The structures and names of the four
chloromethyl-benzotriazoles are shown in Table 2-3. To the author’s knowledge, this is the first
time that these BZT isomers have been found and identified in water samples because they are
not commercially available and their spectral information does not exist in the NIST library

database.



Table 2-3: Predicted names and structures of the chloromethyl-benzotriazoles.
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2.5 Conclusion

In summary, this study demonstrates a comprehensive way to analyze wastewater
samples starting with a non-targeted GCxGC approach, then looking through the samples to find
CEC:s of interest and finally targeting the CECs to tentatively identify and quantify them. The
CEC:s of interest, methyl and chloromethyl-benzotriazoles, were determined to come from
commercial corrosion inhibitors and displayed interesting reactions once in the WWTP. Three of
the four chloromethyl-benzotriazole isomers were found to increase after chlorination due to
their formation from the reactions between the 4 and 5-methyl-benzotriazoles and the sodium
hypochlorite. This is the first publication where these chloromethyl-benzotriazole isomers have
been identified and quantified in wastewater samples. Further studies are required to determine
the fate and transport of the CECs studied as the water is utilized for crop and forest irrigation
and the presence of these compounds in the environment may have unknown human and

ecological effects.
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Chapter 3

A Comparison of Liquid-Liquid Extraction and Stir Bar Sorptive Extraction
for Multiclass Organic Contaminants in Wastewater by Comprehensive Two-

Dimensional Gas Chromatography Time of Flight Mass Spectrometry.
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3.1 Abstract

Liquid-liquid extraction (LLE) and stir bar sorptive extraction (SBSE) are extraction
methods used for the analysis of contaminants in aqueous samples. In this study, both LLE and
SBSE were compared for the extraction of priority pollutants and contaminants of emerging
concern (CECs) in wastewater influent and effluent samples, for analysis with comprehensive
two-dimensional gas chromatography with time of flight mass spectrometry (GCxGC-TOFMS).
The methods were compared for their extraction efficiency of a broad range of compounds,
matrix effects, accurate and reliable quantification of targets, and sensitivity. LLE allowed for a
higher number of target analytes to be extracted with over 70% recovery and quantified more
targets in the influent samples. Matrix effects had a negative impact on the influent recovery of
non-polar contaminants, such as polycyclic aromatic hydrocarbons (PAHSs), especially in the
SBSE samples. Generally, polar compounds also demonstrated poor extraction with SBSE in
both effluent and influent water samples. However, SBSE effluent chromatograms contained
about three times as many total analytes as compared with LLE, suggesting that SBSE is more
sensitive for trace contaminants in effluent samples. Based on this research, LLE is
recommended for studies seeking to quantify a broad range of target analytes in complex
matrices, like wastewater influent. SBSE is an appropriate method for the non-target and survey

analysis of trace contaminants in less complex water samples.
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3.2 Introduction

Clean water is a vital resource for modern society, but as the agricultural, energy, and
human demand for clean water grows, this valuable resource becomes scarcer. Wastewater and
runoff produced from these activities is one of the main anthropogenic causes for environmental
and aquatic pollution. Pesticides and other agrochemicals have been detected in surface and
ground waters worldwide!? due to poor farming practices, soil leaching, and agriculture
stormwater runoff. In addition to the agriculture sector, energy production, such as that of
unconventional oil and gas development, requires large volumes of water. Furthermore, the oil
and gas produced wastewaters contain a variety of both organic and inorganic contaminants that

have been shown to negatively impact surface and drinking waters®*.

Wastewater treatment plants (WWTPs) also contribute to the presence of priority
pollutants and emerging contaminants in the environment, due to the continuous discharge of
treated effluent to surface waters®. Many of these compounds are not completely removed with
traditional secondary (biological) treatment methods and may require advanced tertiary treatment
processes, such as ozonation and chlorine disinfection®. WWTPs are also a source of
contaminants in the environment through the agricultural application of sewage sludge and reuse
of effluent water for irrigation. Many studies have characterized and quantified priority
pollutants and contaminants of emerging concern (CECs) in wastewater’8, surface water®1°,
ground water*!, and drinking water*2*, Many of the commonly detected contaminants, such as
polycyclic aromatic hydrocarbons (PAHSs) and organochlorine pesticides, are semi-volatile
organic compounds (SVOC), considered priority pollutants by the U.S. Environmental
Protection Agency (EPA)'. Compounds like pharmaceuticals and personal care products

(PPCPs) and benzotriazole corrosion inhibitors are considered CECs as they are not currently
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regulated under environmental laws and may have negative environmental or health

consequences.

The most commonly used methods for the detection and quantification of contaminants in
wastewater and related natural waters are gas chromatography (GC) and liquid chromatography
(LC) coupled to mass spectrometry (MS)*. Target SVOCs can be analyzed through GC-MS
following U.S. EPA Method 8270D, although this method is limited by the number of target
analytes and instrument sensitivity. Due to the enhanced separation power and increase in peak
capacity, comprehensive two-dimensional gas chromatography (GCxGC) has been applied for
the separation and characterization of complex samples, such as hospital wastewater'®. GCxGC,
especially when utilized with cryogenic modulation and coupled to time of flight mass
spectrometry (TOFMS), offers increased sensitivity compared to conventional GC-MSY’.
Because of these reasons, GCxGC-TOFMS has been shown as a valuable instrument for the
detection, identification, and quantification of trace contaminants in complex environmental

samplest®,

Another advantage of GCxGC is that it can be used for multi-class contaminant
screening, or that little sample cleanup is required before analysis. For a comprehensive view of
the samples, it is critical that the extraction methodologies are amenable for a broad range of
chemical classes. The classic extraction method for multi-class contaminant analysis in water is
liquid-liquid extraction (LLE), with an organic solvent like dichloromethane or n-hexane®®. This
method offers good recovery for a broad range of analytes and is successful when utilized for the
extraction of contaminants in environmental waters!®?°, Unfortunately, LLE is time and solvent
intensive and typically requires lengthy concentration steps. With a need for faster, easier to

automate, and “greener” extraction methods, classic techniques like LLE are being replaced by
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newer, more sensitive microextraction methods. These methods are simpler to use and can be

fully or nearly solventless.

Stir bar sorptive extraction (SBSE) is a preconcentration and extraction technique that
uses a sorbent, typically polydimethylsiloxane (PDMS), coated stir bar. Extraction is either done
by direct immersion and spinning of the stir bar in the liquid sample or by placing the stir bar in
the headspace above a sample, for more volatile organic compounds (VOC) analysis?t. This
method uses a greater volume of sorbent phase than other microextraction methods like solid
phase microextraction (SPME). Therefore, SBSE allows for low ppt detection limits and good
recovery rates due to the increased sensitivity and sample capacity of the sorbent phase. As with
every extraction technique, there are potential disadvantages to using SBSE. Proper method
development requires optimization of the extraction parameters and the PDMS sorbent phase is

more selective for non-polar analytes.

In this study, two extraction methods were evaluated for their analytical performance for
the GCxGC-TOFMS characterization of multiclass organic pollutants in wastewater. The
methods tested were LLE with dichloromethane and PDMS phase SBSE with thermal
desorption. The extraction recoveries of EPA Method 8270D priority pollutants were compared
for each method as well as the quantification of these compounds in wastewater influent and

effluent. The methods were also applied for the tentative identification of CECs.
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3.3 Materials and Methods

3.3.1 Reagents and Standards

All surrogate, internal standard, and target standards were obtained from Restek Corp.
(Bellefonte, PA, USA). The surrogate standard mixture was composed of the acid surrogate
standard mix, base neutral surrogate standard mix, and QUEChERS internal standard mix for
GC-MS analysis. The 8270 Megamix served as the multiclass organic contaminants targets
mixture and contains 76 environmental pollutants. The SV internal standard mix contains 6
deuterated Polycyclic Aromatic Hydrocarbons for use as the internal standards. Analytical grade
dichloromethane, methanol and acetonitrile were purchased from Avantor (Center Valley, PA,
USA), ChemPure Brand Chemicals (Ann Arbor, MI, USA) and Avantor respectively. The
sodium sulfate and sodium chloride were from Avantor and VWR (West Chester, PA, USA).
The ultrapure water was delivered by the Direct-Pure UP Ultrapure & RO Lab Water System
(RephiLe Biosciences Ltd.).

Commercial Twister stir bars, 10 mm length x 0.5 mm film thickness,
polydimethylsiloxane phase (PDMS) were obtained from Gerstel, Inc. (Linthicum, MD, USA).
Prior to use, the stir bars were solvent conditioned in methanol and acetonitrile (80:20 mix) for at
least 10 hours. The stir bars were then thermally conditioned in the Thermal Desorption Unit

(TDU) (Gerstel, Inc.) at 300 °C for 30 minutes with 80 mL/min nitrogen desorption flow.

3.3.2 Sample Collection

In mid-September 2018, pre-treatment influent and post-treatment effluent water samples
were collected from the Penn State University Park Wastewater Treatment Plant (WWTP). Six

replicates of 500 mL were sampled for each water type in clean, 500 mL amber glass jars with
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PTFE closures. A separate jar with 500 mL ultrapure water were prepared and taken to the
sampling sites in the collection cooler to serve as the method and trip blank. Once collected, the

samples were stored at 4°C until extraction within 7 days of collection.

3.3.3 Sample Extraction Methods

3.3.3.1 LLE Methods

Samples were extracted following a modified USEPA Method 3510C Separatory Funnel
Liquid-liquid Extraction?2. 400 mL aliquots of each water sample were measured into 2-liter
separatory funnels. To each sample, 100 pL of the surrogate standard mix (working stock at
5,000 ng/mL) was added for a final extract concentration of 500 ng/mL. In order to determine the
extraction recovery of the target compounds 50 pL of the multiclass organic target mixture
(working stock at 10,000 ng/mL) was also added to half of the samples for each water type for a
final concentration of 500 ng/mL/compound. The influent samples were all fortified 2 times
higher with the surrogates and targets for planned extract dilution. The samples were serially
extracted 3 times under both basic and acidic conditions with 25 mL of dichloromethane.
Samples were then concentrated to ~10 mL using Kuderna-Danish evaporative concentration
followed by the micro-Snyder column technique to 1 mL. Extracts were stored at 4°C until

analyzed.

3.3.3.2 SBSE Methods

The optimization of several SBSE parameters are presented in chapter 4, the finalized
method is followed here. For each sample, 10.0 mL of sample water and 3 g of NaCl were added
to a 20 mL screw cap headspace vials, except the influent samples were diluted 1:5 with

ultrapure water. All samples contained 10 pL of the surrogate standard mix (working stock at 50
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ng/mL) for a sample concentration of 50 pg/mL. In order to observe the matrix effects on target
recoveries, half of the samples also contained the multiclass organic target mixture at the same
concentration as the surrogate mixture. Two extraction times were also tested: stir bars were
placed in the water samples and set to stir at ~1200 rpm for either 90 minutes or 240 minutes on
a multi-position stir plate (Cole-Parmer, Vernon Hills, IL, USA). Method blank stir bars
containing the surrogate standards as well as and blank background stir bars without the addition
of surrogates were also spun. After extraction, stir bars were kept in a freezer until instrument

analysis.

3.3.4 Instrumental Analysis

The GCxGC analyses were conducted with a Pegasus 4D GCxGC-TOFMS instrument
(LECO Corp., St. Joseph, MI, USA). The gas chromatograph was a 7890A GC system (Agilent
Technologies, DE, USA) equipped with a Gerstel Multipurpose Sampler (MPS-2, Gerstel, Inc.).
The column ensemble consisted of a 60 m x 0.25 mm ID x 0.25 um film thickness Rxi-5 Sil MS
(Restek Corp.) in the first-dimension coupled toa 1.1 m x 0.25 mm ID x 0.25 um film thickness
Rtx-200 in the second-dimension (Restek Corp.) with a 0.6 m IP deactivated transfer line column
(Restek Corp.). The primary oven program was as follows: initial temperature of 40 °C held for
1.50 min with a single temperature ramp of 3.50 ‘C/min to 315 °C and a final hold time of 10.00
min. The secondary oven temperature program was offset by 5 ‘C positive to the primary oven
program, the modulator temperature offset was 20 °C, and transfer line temperature was set to
300 ‘C. A 2.00 second modulation period with a 0.60 second hot pulse was used. The MS was
operated in electron ionization mode at 70 eV. The collected mass range was 50 — 550 amu with

an acquisition rate of 200 spectra/second and the mass defect was set at 0 mu/100u.
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For the LLE samples, 1 uL of the sample was injected into a standard split/splitless
injector using a Sky 4.0 mm ID single taper inlet liner with glass wool (Restek Corp.). Splitless
inlet mode was used with a temperature of 250 ‘C with a 90 second inlet purge time. For all
liquid samples, the internal standard mix was added into calibration standards and samples at 200

ng/mL, before injection.

For the SBSE samples, the programmed temperature vaporizer (PTV) inlet contained a
TDUY/CIS liner with glass wool (Gerstel, Inc.) and was run in solvent vent mode with splitless
inlet transfer. The TDU tubes were prepped with small amounts of glass wool in the bottom onto
which the stir bars were placed. Using the MPS system, the TDU liquid option added the liquid
internal standard into the TDU tube at 200 ng/mL. The TDU desorption temperature program is
as follows: initial temperature of 30 °C with a delay time of 0.5 min, single ramp rate of 720
°C/min to a final temperature of 280 °C/min with a hold time of 6 min. The CIS temperature
program is as follows: initial temperature of -50 °C, with an equilibrium time of 0.20 min,
followed by a 12 °C/min ramp to 280 °C final temperature held for 5 min. The TDU was run in

splitless desorption mode and the CIS was used in standard heater mode with cryo-cooling.

Using internal standard calibration and quantification, the surrogates and target analytes
were quantified in the samples as well as the extraction recoveries. The calibration curves were
analyzed using ChromaTOF software and quantification was completed using the average
response factor for each analyte and the relevant internal standard compound. The calibration

standards were analyzed over a concentration range of 10-1,000 ng/mL for each compound. The

calibration curve for the stir bars was done with liquid injection of calibration standards into

TDU tubes with glass wool in the bottom.
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All data were processed using the ChromaTOF software (LECO Corp.) version 4.71.0.0.
Baseline computing was performed and peak finding procedures with a S/N of greater than 200
for the stir bar samples and 50 for the LLE samples were applied. The NIST 2017 Mass Spectral
Library was used for the screening and comparison of surrogates, target analytes, and unknown

compounds.

3.4 Results and Discussion
3.4.1 SBSE Optimization

For best results when extracting pollutants in wastewater, many parameters should be
optimized when using SBSE?24, Commonly optimized parameters include those affecting
extraction efficiency and analyte transfer during chromatographic analysis. In this study, two
extraction spin times were compared as well as four cooled injection system (CIS) trapping

temperatures.

Optimal extraction spin times vary based on the matrix and the chemical properties of the
analytes. The best spin time is selected based on the greatest number of analytes reaching
equilibrium, quantitatively represented by their recovery values. Both the target-fortified and
nontarget-fortified influent and effluent samples were spun for two times: 90 and 240 minutes.
The percent recovery of the surrogate compounds (present in all samples) and target compounds
were calculated for each sample type. Of the 69 compounds studied, the majority (34) of them
showed similar recoveries between the two times. For the rest of the analytes, 25 of them were
more effectively extracted at 240 minutes and only 10 compounds reached equilibrium at 90
minutes and showed poorer recovery at 240 minutes. Figure 3-1 plots the effect of extraction

spin time for six compounds. The higher molecular weight and more non-polar compounds



generally reached equilibrium at the longer extraction time, which is consistent with the
literature?. This is demonstrated by the Log Koaw values for the compounds. Of the 25
compounds exhibiting better recovery at 240 minutes, only two have a Log Komw of less than 3,
and the rest range from 3.73 to 8.83, with PAHSs being the most common compound in this
group. For the compounds that achieved equilibrium earlier, the Log Kow ranged from 1.02 to

3.90, but half of the compounds were below 3.
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Figure 3-1: Effect of SBSE spin time on select analyte recovery. LogKow values are in
parenthesis next to analyte name.
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The effect of CIS trapping temperature was evaluated using the TDU liquid option to add
the calibration standard into TDU tubes containing glass wool. Three replicate injections were
performed at each trapping temperature: -100, -80, -50, and -20°C. The majority of compounds
showed similar responses at each temperature. In order to find the best trapping temperature, the
more volatile compounds, like 2-fluorophenol, were examined more carefully as they would be
more likely to be lost at higher temperatures. These compounds showed similar responses at all
temperatures except at -20°C where they began to display poor CIS trapping. For this study,
-50°C was chosen as the CIS trapping temperature to achieve good analyte response and preserve

liquid nitrogen usage.

Glass wool was added into the bottom of the TDU tubes for both the liquid addition
calibration samples (with no stir bars) and the stir bar samples with liquid internal standard
addition. In order to prevent excess background peaks from glass wool contamination, the TUD
tubes containing glass wool were conditioned in the oven at 300°C for an hour. Three replicates
of these conditioned tubes were compared to three replicates of non-conditioned tubes. As
expected, the conditioned glass wool containing TDU tubes showed less background
contamination than the non-temperature-conditioned tubes. For this study, all TDU tubes with

glass wool were conditioned in this way before chromatographic analysis.

The precision of the TDU liquid injection was also tested and verified before use. The
liquid calibration mix was added into the TDU tubes containing the glass wool for a total of five
replicates. These were analyzed under the same GCxGC conditions as the samples to ensure
validity. The %RSD values of the responses were below 20% for the majority of the compounds,
demonstrating that this method is valid for the injection of the calibration standards and addition

of the internal standard into samples.
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3.4.2 Method Validation

The surrogate and target compounds were quantified in both sample types using internal
standard calibration at six different concentration levels from 10 to 1000 ng/mL. The linearity
and precision data for each method’s calibration can be found in Table 3-1. 73 compounds were
calibrated for the LLE samples, and 70 were calibrated for the SBSE samples. One target and
two surrogate compounds showed a non-linear response over the concentration range in the
SBSE calibration and were not included. It is believed that these compounds are not sufficiently

transferred during thermal desorption at lower concentrations.

The calibration for the LLE samples were linear over the concentration range, with the
correlation coefficient (R) greater than 0.9904 for all analytes except for p-nitroaniline. The RSD
of the calibration response factors were satisfactory, ranging from 2 to 19%. The SBSE samples
were quantified using the calibration of liquid samples injected into the TDU tubes with glass
wool. Often times with SBSE, the stir bars are spun in a calibration mix at different levels and
desorbed for the calibration curve. Using the TDU liquid option for calibration allowed for the
accurate quantification of the analytes in the samples because the calibration curve was not
dependent on the extraction efficiency which could skew quantification based on recovery. The
SBSE calibration was linear over the concentration range although the R values were lower and
the RSDs were generally higher than in the LLE calibration. All compounds, but two, had R
values greater than 0.9842, and the %RSD of the calibration response factors ranged from 7 to

20%, which is still satisfactory, especially for TDU/CIS injection.



Table 3-1: GCxGC calibration information for each method.

SBSE LLE
RSD RSD

Compound Name Type Cal R Cal R

2-Fluorophenol surrogate 15 0.9984 8 0.9979
Phenol-D62 surrogate 20 0.9911 9 0.9979
Phenol target 7 09947 5 0.9989
Aniline target 14 0.9959 3 0.9996
Bis(2-chloroethyl) ether target 15 0.9967 6 0.9992
2-Chlorophenol-D4 surrogate 13 0.9960 19 0.9997
2-Chlorophenol target 15 0.9967 16 0.9989
1,3-Dichlorobenzene target 13 0.9958 3 0.9998
1,2-Dichlorobenzene-D4 surrogate 17 0.9946 6 0.9995
Benzyl alcohol target 13 0.9954 10 0.9991
2-Methylphenol target 11 0.9973 12 0.9987
Bis(2-chloroisopropyl) ether target 13 0.9972 8 0.9990
N-nitroso-N-propyl-1-Propanamine target 11 0.9976 6 0.9994
3-Methylphenol target 9 0.9982 8 0.9983
Hexachloroethane target 12 0.9968 4 0.9996
Nitrobenzene-D5 surrogate 15 0.9976 7 0.9989
Nitrobenzene target 11 0.9963 6 0.9976
Isophorone target 11 0.9985 6 0.9993
2,4-Dimethylphenol target 11 09979 7 0.9997
Bis(2-chloroethoxy) methane target 17 0.9973 6 0.9980
2,4-Dichlorophenol target 16 0.9976 9 0.9995
1,2,4-Trichlorobenzene target 16 0.9953 8 0.9981
Naphthalene target 10 0.9961 8 0.9974
4-Chloroaniline target 12 0.9945 7 0.9955
Hexachlorobutadiene target 15 0.9952 3 0.9996
4-Chloro-3-methylphenol target 17 0.9978 6 0.9987
2-Methylnaphthalene target 12 0.9951 8 0.9981
1-Methylnaphthalene target 14 0.9944 7 0.9975
Hexachlorocyclopentadiene target 20 0.9790 10 0.9998
2,4,5-Trichlorophenol target 15 0.9946 13 0.9985
2,4,6-Trichlorophenol target 14 0.9937 14 0.9986
2-Fluorobiphenyl surrogate 17 0.9931 7 0.9987
1-Chloronaphthalene target 17 0.9907 10 0.9967
o-Nitroaniline target 12 0.9955 7 0.9999
1,4-Dinitrobenzene target 13 0.9899 14 0.9998
1,3-Dinitrobenzene target 15 0.9901 13 0.9989
Dimethyl phthalate target 17 0.9917 6 0.9984
2,6-Dinitrotoluene target 15 09974 5 0.9994
Acenaphthylene target 10 0.9970 6 0.9983
1,2-Dinitrobenzene target 15 0.9934 10 0.9984
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Table 3-1 continued SBSE LLE
RSD RSD

Compound Name Type Cal R Cal R
Dibenzofuran target 14 09953 7 0.9975
m-Nitroaniline target 19 09770 11 0.9904
Acenaphthene target 13 0.9965 7 0.9988
2,4-Dinitrotoluene target 11 0.9949 16 0.9942
Fluorene target 10 0.9970 6 0.9987
4-Chlorophenyl phenyl ether target 17 0.9952 12 0.9967
p-Nitroaniline target 18 0.9896 18 0.9640
Diphenylamine target 14 09974 6 0.9998
Azobenzene target 14 0.9975 10 0.9999
2,4,6-Tribromophenol surrogate 17 0.9972 8 0.9998
4-Bromophenyl phenyl ether target 14 0.9945 7 0.9968
Hexachlorobenzene target 13 0.9966 4 0.9998
PCB 18 surrogate 13 0.9982 5 0.9988
Phenanthrene target 10 09972 7 0.9995
Anthracene target 12 0.9983 3 0.9998
Carbazole target 11 0.9992 2 0.9999
PCB 28 surrogate 19 0.9938 9 0.9990
PCB 52 surrogate 15 0.9974 7 0.9995
Dibutyl phthalate* target - - 9 0.9999
Triphenylmethane surrogate 12 0.9981 4 0.9998
Fluoranthene target 10 0.9979 5 0.9999
Pyrene target 15 09960 5 0.9997
p-Terphenyl-D14 surrogate 14 0.9956 8 0.9999
Tris(1,3-dichloroisopropyl)phosphate*? surrogate - - 5 0.9997
Triphenyl phosphate*? surrogate - - 4 0.9998
Benz[a]anthracene target 20 0.9940 3 0.9998
Chrysene target 12 0.9975 5 0.9996
Benzo[b]fluoranthene target 16 0.9959 7 0.9997
Benzo[k]fluoranthene target 15 0.9975 8 0.9987
Benzo[a]pyrene target 15 0.9965 10 0.9993
Indeno[1,2,3-cd] pyrene target 12 0.9893 7 0.9991
Dibenz[a,h]anthracene target 14 09842 9 0.9994
Benzo[ghi]perylene target 13 0.9859 9 0.9995
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3.4.3 Extraction Efficiency

The surrogate extraction recoveries in the samples are outlined in Table 3-2 for SBSE and
Table 3-3 for LLE, and the method blanks surrogate recoveries are in Table 3-4. For the 12
calibrated surrogate compounds for SBSE, the recovery generally increased with increasing Log
Komw. Phenol-D6 (Log Kow=1.54) was not recovered in any samples and 2-fluorophenol (Log
Kow=1.82) was recovered 1% in some of the samples. For the more non-polar compounds (Log
Kow>3) the extraction recoveries ranged from 56 to 106% for the effluent samples under the
optimized 240-minute spin time. This demonstrates how SBSE can be an effective method for
the extraction of mid to non-polar analytes. Compared to SBSE, LLE was more effective at
extracting more of the surrogate compounds. Every surrogate compound was extracted with LLE
and the recovery ranges were similar to SBSE for the effluent samples, ranging from 44 to 112%.
Although, certain analytes showed better recovery with LLE, including the more polar

compounds that could not be extracted with SBSE.



69

Table 3-2: Surrogate recovery values (%R) and % RSD (n=3, unless otherwise noted) for the SBSE samples. Both effluent and
influent samples at each extraction spin time and with or without the addition of target compounds are listed. ND, compound not
detected.

Eff, 90 Eff, 90 Eff, 240 Eff, 240 . . In, 240 In, 240
. . . . In, 90 min  In, 90 min - -
SBSE min min min min no targets -+ taraets min min
no targets +targets notargets + targets 9 g no targets  + targets

Surrogate Compounds Logkow R% RSD R% RSD R% RSD R% RSD R% RSD R% RSD R% RSD R% RSD

Phenol-D6 1.54 ND - ND - ND - ND - ND - ND - ND - ND -
2-Fluorophenol 1.82 ND - 1 14 1 21 1 n=2 1 n=2 1 35 ND - 1 n=2
2-Chlorophenol-D4 2.22 4 61 6 12 5 9 7 22 5 20 5 20 3 9 4 27
1,2-Dichlorobenzene-D4 3.44 84 8 7% 2 77 8 89 7 97 8 94 8 100 13 96 26
2-Fluorobiphenyl 4.14 109 7 153 53 106 10 133 4 9 5 86 4 100 9 92 36
2,4,6-Tribromophenol 4.40 34 15 40 16 56 16 65 25 6 29 7 19 5 14 3 54
Nitrobenzene-D5 1.92 31 12 48 51 33 13 39 14 33 11 30 11 29 14 24 27
p-Terphenyl-D14 5.51 38 25 37 21 64 17 81 8 10 11 6 16 19 27 22 3
PCB 18 5.24 61 16 63 13 78 29 108 9 23 9 15 12 41 18 45 23
PCB 28 5.72 49 19 52 18 79 17 104 12 15 7 9 11 28 22 30 23
PCB 52 8.83 32 23 3 24 58 18 75 16 8 10 5 9 14 23 16 22
Triphenylmethane 5.11 36 23 36 24 61 15 75 13 13 12 9 11 23 19 25 29
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Table 3-3: Surrogate recovery values (R%) and %RSD (n=9) for the LLE samples showing both
effluent and influent with and without added targets.

LLE Eff Eff In In
no targets + targets no targets + targets

Surrogate Compounds  Logkow R% RSD R% RSD R% RSD R% RSD
Phenol-D6 1.54 63 42 68 18 35 34 28 49
2-Fluorophenol 1.82 66 36 85 15 82 19 69 15
2-Chlorophenol-D4 2.22 112 44 141 16 145 20 99 18
1,2-Dichlorobenzene-D4  3.44 44 41 61 16 58 5 57 16
2-Fluorobiphenyl 4,14 58 38 85 11 66 7 72 9
2,4,6-Tribromophenol 4.40 104 31 139 9 110 38 113 8
Nitrobenzene-D5 1.92 93 40 124 11 92 42 109 12
p-Terphenyl-D14 5.51 78 36 112 7 105 10 120 6
PCB 18 5.24 57 35 83 14 78 9 76 14
PCB 28 5.72 62 37 92 10 97 8 93 9
PCB 52 8.83 57 35 85 13 84 13 79 18
Triphenylmethane 5.11 73 36 110 9 120 20 119 7
Tris(1,3-dichloro
isopropyl)phosphate 3.27 81 31 108 10 127 10 111 7
Triphenyl phosphate 4.59 85 39 117 10 157 12 129 8

Table 3-4: Method blank recovery values (R%) and %RSD for both sample types.

SBSE LLE

Surrogate Compounds R% RSD R% RSD

Phenol-D6 ND - 98 7
2-Fluorophenol 0.3 n=2 107 6
2-Chlorophenol-D4 4 25 171 7
1,2-Dichlorobenzene-D4 80 19 62 4
2-Fluorobiphenyl 94 14 93 1
2,4,6-Tribromophenol 4 55 142 3
Nitrobenzene-D5 40 23 148 5
p-Terphenyl-D14 105 23 132 3
PCB 18 102 27 90 2
PCB 28 109 24 106 1
PCB 52 107 26 98 3
Triphenylmethane 101 21 135 2
Tris(1,3-dichloroisopropyl)phosphate ND - 115 04
Triphenyl phosphate ND - 66 4
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Many of the surrogate compounds were affected by matrix effects in the SBSE samples.
For example, 1,2-Dichlorobenzene-D4 demonstrated matrix enhancement as it was recovered
over 94% in the influent samples and from 75 to 89% in the effluent samples. Matrix suppression
has been shown to occur in SBSE of wastewater influent samples?2” and can lead to a major
decrease in recovery for less polar compounds. The signal suppression is due to the competition
of other analytes with the surrogate and target compounds for the sorption sites on the stir bar.
This study demonstrates how matrix suppression can cause a decrease in the extraction
efficiency of the influent samples. The recovery of six surrogate compounds, all with Log
Kow>4, was reduced from effluent to influent samples. An example of this is PCB 28, which had
a 79% recovery for the 240-minute spin time effluent sample with no targets added, but showed
only a 28% recovery for the influent samples under the same extraction conditions. From the
LLE surrogate compounds, only phenol-D6 exhibited matrix suppression with the influent

sample’s recovery values about half that of the effluent samples.

The extraction efficiency for the 58 target compounds was also calculated for each
sample type and extraction method, reported in Table 3-5. If the target was found in the sample,
then the mean concentration was subtracted from the target-fortified samples before recovery
was calculated. The 21 target analytes found in the water samples are quantified and displayed in
Table 3-6. For the SBSE samples, the target recoveries follow the same trend as the surrogates in
that the mid to low polar compounds generally demonstrated better recovery. The LLE samples
do not have this same trend, and this method demonstrated better recovery values for a wider
range of compounds. Good recovery, as defined by values >70%, were achieved for 41 targets in
the LLE effluent samples and 40 targets in the LLE influent samples. For the SBSE samples, 24

targets in the effluent samples had good recovery compared to 20 targets in the influent samples.
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LLE is more efficient for a broader range of compound classes as measured by this target list. In
order to extract the polar analytes from wastewater and environmental waters some researchers
have developed their own stir bar coatings based on hydrophilic polymers?2°, These studies
demonstrated that these more polar sorbent phases are able to effectively extract polar PPCPs

from water samples.

The matrix effects were also more substantial in the SBSE than the LLE samples. 24
analytes showed matrix suppression in the influent samples, especially the higher molecular
weight PAHS. This led to poor recovery, as defined by <25%, for every PAH eluting after
benz[a]anthracene in the influent samples. In the LLE samples, 13 analytes demonstrated matrix
suppression and 3 had increased recovery due to matrix enhancement. SBSE has been shown to
be strongly impacted by matrix effects?* and even the 1:5 dilution of the influent water in this
study was not sufficient to prevent these effects. In the future, matrix effects can be mediated by
using additional surrogates that are deuterated or carbon-13 analogs of each target compound®
or standard addition calibration®!. In addition to matrix effects, high concentrations of targets can
also lead to poor quantification. Phenol, 3-methylphenol, and benzyl alcohol were all present in
influent samples at concentrations above the linear calibration range so the quantification for

these compounds is an estimation based on extrapolation of the calibration curve.
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Table 3-5: Extraction efficiency in percent recovery (%R) for target analytes by each method. ND, compound not detected in samples.

*, recovery is not reported because compound is above linear calibration range in samples (see Table 3-6).

SBSE SBSE Eff 240 SBSE In 240

Eff 90 min min SBSE In 90 min min LLE Eff LLE In
Target Compound %R RSD %R RSD %R RSD %R RSD %R RSD %R RSD
Aniline 19 39 31 103 13 53 11 53 6 47 3 39
Phenol* 79 16 93 23 71 30 76 44 67 33 * -
Bis(2-chloroethyl) ether 28 9 29 13 23 17 18 26 97 8 76 11
2-Chlorophenol 9 20 9 17 7 17 5 31 57 77 74 51
1,3-Dichlorobenzene 90 4 106 8 89 9 95 24 44 33 54 10
Benzyl alcohol* 44 12 43 16 24 45 15 39 111 12 * -
2-Methylphenol 8 62 11 21 12 18 10 36 89 15 91 15
Bis(2-chloroisopropyl) ether 93 2 99 2 65 84 61 85 90 12 86 12
N-nitroso-N-propyl-1-Propanamine 79 47 46 79 42 13 36 32 129 11 121 14
3-Methylphenol* 65 44 51 42 * - 73 42 67 19 * -
Hexachloroethane 96 55 91 4 56 15 73 27 42 30 57 11
Nitrobenzene 56 47 42 9 33 12 27 30 110 9 102 14
Isophorone 86 47 75 7 50 14 51 23 76 14 125 13
2,4-Dimethylphenol 34 31 23 11 21 6 16 34 29 76 90 19
Bis(2-chloroethoxy) methane 66 48 51 12 37 16 26 29 110 8 105 12
2,4-Dichlorophenol 45 41 26 53 7 37 8 40 141 13 148 20
1,2,4-Trichlorobenzene 131 53 102 4 71 11 72 35 48 31 58 20
Naphthalene 140 53 106 5 120 8 82 28 64 26 84 12
4-Chloroaniline 5 131 8 68 13 79 21 38 16 75 2 50
Hexachlorobutadiene 66 53 68 18 26 4 50 23 38 27 53 10
4-Chloro-3-methylphenol 35 63 16 25 47 2 13 n=1 130 11 137 39
2-Methylnaphthalene 170 53 134 5 131 7 113 36 73 27 96 12
1-Methylnaphthalene 168 53 131 4 114 6 101 35 72 25 91 12
Hexachlorocyclopentadiene 51 74 50 5 ND ND ND ND 33 53 ND ND
2,4,5-Trichlorophenol 25 44 26 24 3 16 3 n=1 141 11 130 9
2,4,6-Trichlorophenol 15 42 10 66 12 n=1 ND ND 129 9 128 10
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Table 3-6: Concentration (pg/mL) of target analytes present in sample waters. -, denotes that the
analyte was not detected in the sample. *, concentration is approximated [extrapolated] because
compound concentration is over linear calibration range.

SBSE Samples LLE Samples
Compounds Eff90 Eff240 1In90 1In240 | Eff In
Azobenzene - - - - - 75
Nitrobenzene 3 3 - - - -
Benzyl alcohol - - 257 283 72 28509*
Carbazole 2 1 - - - -
Dibenzofuran 1 2 - - - -
Dimethyl phthalate - - 19 19 - 72
Diphenylamine - - - - - 61
Fluoranthene - - - - - 43
Fluorene 2 2 - - - -
Isophorone - - - - 275 618
Naphthalene - - 64 81 - 102
1-methylnaphthalene - - 21 24 - 33
2-methylnaphthalene - - 43 47 - 54
Phenanthrene 2 1 23 32 22 102
Phenol - - - - - 18048*
2,4,6-Trichlorophenol 5 8 - - 149 26
2,4-Dichlorophenol - - 24 22 - 94
2-Methylphenol - - - - - 62
3-Methylphenol - - 1088* 764 278 53042*
4-Chloro-3-methylphenol | 4 3 - - 18 -
Pyrene - - - - - 38
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3.4.4 GCxGC Findings

The two extraction methods were applied to the determination of contaminants in the
influent and effluent of the University Park WWTP. Combining these methods with GCxGC-
TOFMS allows for the quantification of targets but also the tentative identification of non-targets
that may co-elute with other compounds in traditional GC-MS. The increased sensitivity and
peak capacity make this method especially useful for finding CECs in wastewater samples?6-32
that may not be found using traditional GC-MS methods. In this study, CECs were tentatively
identified based on their mass spectral similarity to the NIST library. To be considered for initial
screening a compound needed a MS match value of at least 800 (80%) compared to the library
spectra. The CECs found were PPCPs common to wastewater samples. Butylated
hydroxytoluene, benadryl, lidocaine, and venlafaxine were found in both influent and effluent
samples with both methods. Triclosan was only identified in the influent. Caffeine was present in
both LLE samples, but only in the influent for SBSE samples. Caffeine is very polar, but was
able to reach equilibrium with the PDMS stir bar in the influent samples because of how
prevalent it is in untreated wastewater. Another class of CECs in these samples are benzotriazole
corrosion inhibitors, which have been extensively studied in this wastewater previously using
LLE and GCxGC-TOFMS®3, These are polar contaminants which are effectively extracted with
LLE with concentrations in the low to mid pg/L range. Using SBSE, three of the four
chloromethyl-benzotriazole isomers are shown to be present in the wastewater, but neither 4 or
5-methyl-benzotriazole were found in either influent or effluent samples. In the previous study,
chloromethyl-benzotriazole isomers were found at higher concentrations in the effluent waters

than the methyl-benzotriazole isomers. The low concentration and high polarity of the methyl-
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benzotriazoles prevents them from being recovered using SBSE without additional optimization,

such as the use of a stir bar with a polar coating?.

Figure 3-2 is an example two-dimensional total ion chromatogram (TIC) for an influent,
effluent, and method blank sample of each extraction method. The blank stir bar sample does
present high levels of background compared to LLE blanks. The stir bar background peaks are
characterized as mid-range molecular weight siloxanes and phthalates but they are effectively
separated from analytes of interest using GCxGC and are excluded from view in the figures in
this study. Visually comparing the chromatograms for SBSE and LLE effluent samples
demonstrates that more components were extracted with SBSE. This conclusion is supported by
the number of analytes found in the peak tables for each set of samples. LLE effluent samples
contained ~1,300 peaks on average while SBSE effluent samples contained ~3,500 peaks, even
though LLE samples were processed at a lower S/N than SBSE samples. The background peaks
from the blank stir bar and glass wool in the TDU tube do not significantly affect the total
number of compounds extracted. LLE and SBSE were comparable for the total number of
analytes extracted in influent samples. SBSE is the more sensitive method for the trace analysis
of contaminants in dilute samples due to the greater concentration factor achieved with SBSE,

detailed more in chapter 4.
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Figure 3-2: GCxGC total ion chromatograms for each sample type by both SBSE and LLE. A:
SBSE method blank, B: SBSE influent 240 min, C: SBSE effluent 240 min. D: LLE method
blank, E: LLE influent, F: LLE effluent.

3.5 Conclusions

Two extraction methods were evaluated for the extraction of priority pollutants and CECs
in wastewater influent and effluent samples. The results of this study show that LLE is a more
effective method for adequate recovery (>70%) of a broader range of chemical classes and can
be applied for the accurate quantification of these pollutants. However, LLE is more time

consuming and less “green” than SBSE which is a solventless extraction method. SBSE influent
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samples also suffered from matrix suppression for 24 of the target analytes, while this was only

seen in 13 of the analytes with LLE.

Nevertheless, SBSE was shown to be the more sensitive method for the less chemically
complex effluent samples. A greater number of analytes were extracted above detection limits
with SBSE than LLE for the effluent, and the methods were comparable for influent. Both
methods were successful for the extraction of CECs and tentative identification with GCxGC-
TOFMS, but LLE was shown to be a more effective method for the extraction of benzotriazole
corrosion inhibitors. Here, SBSE is recommended for non-target analysis of CECs in dilute
wastewater samples or surface waters, as it is an effective method for the quick survey of
contaminants in samples, when quantification is not necessary. Based on the work in this study,
the matrix suppression and polarity bias inherent with SBSE leads to poor recovery and
quantification of many analytes for these types of samples. If quantification is needed with this
method, matrix matched or standard addition calibration should be used and the sorbent phase of

the stir bar should be selected for the analytes of interest.
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Chapter 4

A Suspect Screening Analysis and Utilizing Liquid-Liquid Extraction and Stir
Bar Sorptive Extraction for Contaminants of Emerging Concern in Municipal

Wastewater and Surface Water.
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4.1 Abstract

The presence of contaminants of emerging concern (CECs) in wastewater effluent and
surface waters is an important field of research for analytical scientists. This study takes a
suspect screening approach to wastewater and surface water analysis using comprehensive two-
dimensional gas chromatography with time-of-flight mass spectrometry (GCxGC-TOFMS). Two
extraction procedures, traditional liquid-liquid extraction (LLE) and stir bar sorptive extraction
(SBSE), were evaluated for their application to wastewater and surface water samples. Both
techniques were evaluated regarding their recovery rates, range of compound classes extracted,
and on their application to CECs. For the 14 surrogate compounds analyzed, LLE was able to
extract all of them in each matrix with a recovery range of 19% to 159% and a median value of
74%. For SBSE, the recovery rates ranged from 19% to 117% with the median value at 66%, but
only 8 of the compounds were able to be extracted because of the polarity bias for this extraction
method. Initial findings indicate increased sensitivity and a greater range of unknown analyte
recovery for SBSE, especially in the more dilute effluent and surface water samples. With the
methods used in this study, SBSE has a concentration factor of approximately 416, greatly
improving that of LLE, which is 267. Suspect screening analysis was utilized to tentatively
identify 32 CECs in the samples, the majority of which were pharmaceuticals and personal care
products. More CECs were found using SBSE than LLE, especially in the surface water samples
where 13 CECs were tentatively identified in the SBSE samples compared to 6 in the LLE

samples.
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4.2 Introduction

The American Society of Civil Engineers graded the US wastewater infrastructure a D+
in their 2017 Infrastructure Report Card. With repair and expansion costs totaling over $271
billion!, many of the country’s wastewater treatment plants (WWTPs) are not effectively
removing all contaminants from current waste streams. These outdated WWTPs were not
originally designed to treat modern contaminants of emerging concern (CECs) which range from
pharmaceuticals and personal care products to nanomaterials and flame retardants. Primary and
secondary treatment technologies, commonly utilized at WWTPs, are not effective for the
removal of contaminants resistant to microbial degradation or polar compounds which
demonstrate low sorption to sludge and biosolids materials; categories in which many CECs
fall>3. WWTP effluent is one of the primary contributors of CECs to environmental waters
where they have the potential to impact both human health and the aquatic ecosystem. Many
classes of CECs have been found in drinking water*® and have even made their way into the
once pristine arctic ecosystem’®. Due to the lack of CEC regulatory monitoring, information
regarding environmental persistence, toxological effects, and potential biological impacts are not

well known®.

Typical analytical methods for CEC analysis utilize gas or liquid chromatography (GC or
LC) coupled to tandem mass spectrometry (MS/MS) for a predetermined set of compounds?.
Such targeted approaches allow for low detection limits and reliable quantification, but much of
the information about the rest of the sample is left unknown. For a more complete analysis of
complex samples, suspect screening methods have been applied, in which databases of chemical
suspects are utilized for the tentative chemical or class identification of unknown components,

without the initial need for reference standards'!**3. One technique that is particularly powerful
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when combined with suspect screening analysis is comprehensive two-dimensional gas
chromatography with time-of-flight mass spectrometry (GCxGC-TOFMS). GCxGC allows for
enhanced separation through both increased peak capacity and sensitivity, which is a significant
improvement for the separation of the thousands of compounds present in complex
environmental samples. The addition of the fast TOFMS detector allows for chemical or class
identification of analytes based on their mass spectral comparison to spectral libraries and

chemical suspect databases.

Current trends in aqueous sample preparation show a shift in the research and
preparation of extraction techniques towards more environmentally friendly techniquest*?°.
While solvent extensive techniques like liquid-liquid extraction (LLE) and solid-phase extraction
(SPE) are still commonly used, microextraction techniques such as stir bar sorptive extraction
(SBSE), solid-phase microextraction (SPME), and dispersive liquid-liquid microextraction are
growing in use®!’. There are even multiple regulatory SPME methods, including EPA, 1SO, and
ASTM, for the extraction of organic contaminants in environmental matrices'®. Miniaturized
sorptive extraction methods have grown in popularity because, when paired with direct thermal
desorption, organic solvents and lengthy concentration steps are eliminated®. SBSE is similar to
classical SPME but the sorptive phase, usually polydimethylsiloxane (PDMS), is coated on a
magnetic stir bar and the volume of extraction phase is much greater, allowing for greater
extraction efficiency and sorbent capacity®®. The commercial PDMS Twister stir bar from
Gerstel has been shown to have a wide linear range, from low ppt to 100 ppm analyte
concentration?’. SBSE has been used in a variety of sample matrices, ranging from human urine
to beer and wine, with limits of detection in the low ng/L range?!. The greatest limitation to this

technique is the chemical selectivity of the commercially available PDMS phase. Due to the non-
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polar nature of this phase, polar compounds are not efficiently extracted and will exhibit poor

recovery.

The goal of this study was to utilize two extraction techniques, LLE and SBSE, with
GCxGC-TOFMS for the analysis of CECs in wastewater samples. The extraction methods were
ultimately compared for their extraction efficiencies and overall range of extractable analytes. A
novel form of internal standard quantification was developed for the SBSE, making
quantification more directly comparable to the LLE quantification. The US EPA CompTox
Chemicals Dashboard was used for the suspect screening database and the majority of CECs
tentatively identified in the samples were classified as personal care products and

pharmaceuticals.
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4.3 Materials and Methods
4.3.1 Reagents and Standards

Standards were chosen based on the target compounds lists contained in US EPA Method
8270D which represent environmentally-relevant compound classes including a broad range of

acidic and basic compounds. All standards were obtained from Restek (Bellefonte, PA, USA).

4.3.2 Sample Collection

During mid-March, water samples were collected from the Bellefonte WWTP in
Bellefonte, PA. 500 mL samples were taken in triplicate from the pre-treatment influent tank,
post treatment effluent tank and from the Spring Creek, about 15 meters downstream of the
WWTP outfall site. These samples were collected in clean, 500 mL amber glass jars with PTFE
closures. Three method blanks, which also serve as trip blanks, of 500 mL Milli-Q water were
prepared and taken to the sampling sites in the collection cooler. The samples were stored at 4°C

until extraction within 7 days of collection.

4.3.3 Extraction Methods

LLE samples were extracted using a modified USEPA Method 3510C Separatory Funnel
liquid-liquid Extraction, a brief summary of the method is included in chapter 3, the complete
procedure is reported elsewhere??. The three surrogate standard mixes were spiked into the
samples to yield a final extract concentration of 200 ng/mL, except for the influent samples
which were spiked 4 times higher for planned extract dilution. Final sample volume was 1.5 mL

in dichloromethane. Extracts were stored at 4°C until analyzed.
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The SBSE procedure was optimized before extraction of WWTP and Spring Creek
samples, using Milli-Q water spiked with the surrogate mixes and 8270 Megamix, a mixture of
76 environmentally relevant organic contaminants. The SBSE method, adapted from Ledn et
al®, was optimized with respect to surrogate concentration, stir bar spin time, and salting out
effects. The extractions were carried out using commercial Twister stir bars, 10 mm length x 0.5
mm film thickness, 24 uL polydimethylsiloxane phase (PDMS) (Gerstel, Inc., Linthicum, MD,
USA). Prior to extraction, the stir bars were solvent conditioned in an 80:20 mix of methanol and
acetonitrile overnight then conditioned further in the Thermal Desorption Unit (TDU) (Gerstel,
Inc.) at 300 °C for 30 minutes with 80 mL/min desorption flow. The optimized extraction
procedure is as follows: 10.0 mL of sample water and 3 g of NaCl were added to a 20 mL
headspace vial (except for the influent which was diluted 1:5 to avoid overloading the stir bars).
The surrogate mixes were spiked at a concentration of 20 pg/mL in solution (200 pg/stir bar in
the 10 mL sample) then the stir bars were placed in the water samples and set to stir at ~1200
rpm for 4 hours on a multi-position stir plate (Cole-Parmer, Vernon Hills, IL, USA). Method
blank stir bars were identically prepared and blank background stir bars were spun without the

addition of surrogates. After extraction, stir bars were kept in a freezer until instrument analysis.

4.3.4 Instrumentation and GCxGC

GCxGC measurements were carried out with a Pegasus 4D GCxGC-TOFMS instrument
(LECO Corp., St. Joseph, MI, USA). The gas chromatograph was a 7890A GC system (Agilent
Technologies, DE, USA) equipped with a Gerstel Multipurpose Sampler (MPS-2, Gerstel, Inc.).
The column ensemble consisted of a 60 m x 0.25 mm ID x 0.25 um film thickness Rxi-5 Sil MS
(Restek Corp.) coupled toa 1.1 m x 0.25 mm ID x 0.25 pm film thickness Rtx-200 (Restek

Corp.). Helium carrier gas was at a constant flow rate of 2.00 mL/min. The primary oven
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program was as follows: initial temperature of 40 'C held for 1.50 min with a single temperature
ramp of 3.50 "C/min to 315 “C with a final hold time of 10.00 min. The secondary oven
temperature program was offset by 5 “C positive to the primary oven program, the modulator
temperature offset was 20 °C, and transfer line temperature was set to 300 “C. The modulation
period was 2.00 seconds with a 0.60 second hot pulse. The MS was operated in electron
ionization mode at 70 eV. The collected mass range was 50 — 550 amu with an acquisition rate of

200 spectra/second and the mass defect was set at -20 mu/100u.

For the liquid-liquid extraction samples, 1 pL of the sample was injected into a standard
split/splitless injector using a Sky 4.0 mm ID single taper inlet liner with glass wool (Restek
Corp.). The inlet was run in splitless mode at 250 °C with a 90 second inlet purge time. For all
liquid samples, the internal standard (1S) mix was added into calibration standards and samples

at 200 ng/mL, immediately before injection.

For the stir bar extracted samples, the thermal desorption analysis was optimized for
desorption temperature, flow, and time, along with the cryogenic trapping temperature. The
programmed temperature vaporizer (PTV) inlet contained a TDU/CIS liner with glass wool
(Gerstel, Inc.) and was maintained in solvent vent mode with splitless inlet transfer. The stir bars
were placed in the TDU tubes with small amounts of glass wool added in the bottom to increase
surface area for the IS. Liquid IS was fortified into the TDU tube at 200 ng/mL using the MPS
system TDU liquid option. Adding the liquid IS into the TDU tube allows for normalization
between samples and can account for injection and ionization variance. The TDU desorption and
the cooled injection system (CIS) (Gerstel, Inc.) temperature parameters can be found in Table 4-
1. The TDU was run in splitless desorption mode and the CIS was used in standard heater mode

with cryo-cooling.
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Table 4-1: TDU desorption and CIS temperature information for the SBSE samples analysis.

TDU CIS

Initial Temperature (°C) 30 -100

Delay/Equilibrium Time (min) | 0.50 0.20
Ramp Rate (°C/min) 720 12

End Temperature (°C) 280 280

Final Hold Time (min) 6.00 5.00

4.3.5 Data Analysis

All data were processed using the ChromaTOF software (LECO Corp.) version 4.50.8.
Baseline computing above/through the noise was performed and peak finding procedures with a
signal to noise ratio of greater than 100 were applied. Initial data screening of unknowns was
performed by spectral comparison of the compounds with the NIST 2011 library. Substances
exhibiting a similarity of higher than 70% were considered for closer inspection. Peaks detected
in the method blanks and measured samples were compared. Sample peaks in excess of 10 times
that of the method blank peaks were retained for further analysis. Solvent and column bleed
peaks were also excluded. Suspect screening was carried out using the US EPA CompTox
Chemicals Dashboard, which contains 875,000 environmentally relevant chemicals, including

those specific to wastewater and surface water contamination.

4.3.6 Calibration and Quantification

Internal standard calibration and quantification was performed for the surrogates in the
liquid and stir bar samples to calculate the extraction recoveries. The calibration curves were
analyzed using ChromaTOF software and quantification was completed using the average

response factor for each surrogate and the relevant internal standard. Liquid injection calibration

standards were analyzed over a concentration range of 10-2,000 ng/mL for each compound. The



93

stir bars were spun in calibration solutions containing the surrogates in concentrations ranging

from 1.0— 200 pg/mL, corresponding to 10-2,000 pg/stir bar assuming 100% recovery.

4.4 Results and Discussion
4.4.1 Method Development of SBSE

SBSE is often highlighted for its simplicity and sensitivity but this method requires
additional optimization of the extraction and GC thermal desorption procedures for best results.
The conditions optimized for extraction included surrogate spiking concentration, stir bar spin
time, and the addition of salt. Other parameters, such as sample volume, spin speed, and the
addition of organic modifiers, may also be optimized but the authors chose to use the common

literature values for these?%2L,

The Twister PDMS stir bars used in this study have a 0.5 mm thick sorbent phase. This
translates to a phase volume of about 24 pL compared to the 0.5 pL for a typical 100 um SPME
fiber?®. Because of this greater phase volume there is increased sorption capacity, but special
attention must be paid to the concentration of surrogates and analytes in the sample to ensure
they are in the linear range for the stir bar and the GC instrument. Overloading the stir bar or the
GC column and detector can be a problem, especially when analyzing complex and concentrated
samples, such as wastewater influent. For this study, a 10 mL sample volume was chosen and
extraction recovery compounds were added at 20 pg/mL, corresponding to 200 pg on GC
column. In SBSE, matrix competition effects can occur, leading to lower extraction efficiency
especially for certain polar compounds. This competition effect is increased when the matrix

components are strongly retained by the phase and the analytes of interest are less strongly
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extracted. Because of this, the influent samples were diluted 1:5 to prevent overloading the

extraction phase and to achieve better surrogate recovery.

Multiple extraction times were tested with the goal of increasing the recovery of the polar
analytes (logKow<2.5) without jeopardizing the recovery of the more non-polar analytes (logKow
>2.5) while using the shortest extraction time possible. The testing times were 30 minutes, 1 hour,
2 hours, 4 hours, 8 hours and 16 hours, with triplicate stir bars spun at each time. Upon GCxGC
analysis, the 1S mix was added onto the stir bars for relative area comparison. For the low logKow
compounds, the highest sorption to the stir bar occurred at 30 minutes, but 4, 8, and 16 hours also
produced acceptable recovery. The higher logKow compounds demonstrated poor sorption at 30
minutes and reached a maximum at 4 hours. Although the low logKow compounds exhibited the
highest recovery at 30 minutes, the 4-hour spin time was chosen in order to not negatively impact
any high logKow compounds while maintaining acceptable recovery of the traditionally less

sorptive compounds.

For polar compounds, absorption into the PDMS phase is minimal but can be increased by
the addition of a salt modifier. Increasing the ionic strength of the sample solution can shift the
equilibria towards the extracting phase and allow for better extraction recovery of polar
compounds. This “salting out” effect has been reported in several studies to slightly increase the
Kow Of polar compounds, permitting them to partition into the PDMS phase?*?. The addition of
salt may also negatively affect the sorption of non-polar analytes, but this may be prevented using
sequential SBSE. In sequential SBSE, the stir bar is first spun without the addition of a modifier.
It is then removed and re-spun in the same solution with the modifier added?®. This method allows
for the non-polar analytes to first be extracted without the addition of the salt. Here, sequential and

regular SBSE were tested using the addition of 20% NaCl (w/v), 30% NaCl and no salt added.
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Figure 4-1 shows the effects of salt on the extraction of compounds characterized as low logKow
(<2.5), mid logKow (2.5-5.0), and high logKow (>5.0). All responses were normalized to the IS and
plotted as a logarithmic function of the relative response of the no salt sample. Contrary to some
previous research?’, the sorption of all compound classes was enhanced with the addition of salt.
The addition of 30% salt can is observed to greatly increase the recovery of the polar compounds
while not having any negative effects on the mid and non-polar compounds. The sequential
extraction was slightly more effective for 3 compounds, but in general, it did not improve the
response for the rest of the compounds and therefore was not used to minimize overall extraction
time. The concentration of 30% NaCl was selected as it increased the response of the more polar

compounds without negatively impacting the nonpolar compounds.
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Figure 4-1: Relative response of compounds when spun in sample solutions of different salinity
logarithmically normalized against the sample with no salt added. A: low logKow compounds, B:
mid logKow compounds, C: High logKow compounds. Error bars are standard deviation. LogKow
values are experimental or predicted values from the US EPA Chemistry Dashboard
https://comptox.epa.gov/dashboard

Apart from the extraction parameters, the thermal desorption must also be optimized for
best results. These parameters include the desorption temperature and flow as well as the inlet
trapping temperature. In this study, the desorption temperatures tested were from 250 °C to 300°C
at intervals of 10°C. Analyte response increased with increasing desorption temperature, but so
did PDMS background from the stir bar. The high levels of background from the stir bar were
observed in the chromatograms and potentially interfere with analytes of interest. As a result,
280°C was chosen as the desorption temperature to reduce the PDMS background and still maintain

effective transfer of a broad range of analytes, including those of higher molecular weight. Another
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TDU parameter is the desorption flow, which should be optimized to effectively transfer desorbed
compounds from the TDU into the CIS. Known as the “Back Inlet Purge Flow” in the ChromaTOF
software, this is the flow through the TDU tube during desorption. Flow rates of 75 and 50 mL/min
were tested. Analytes were more effectively transferred at the 50 mL/min flow. A flow rate of 75
mL/min was determined to be too great and caused analyte loss likely due to inefficient transfer

into the CIS.

Once thermally desorbed from the stir bar, the analytes are transferred to the CIS inlet
which is held at low temperature to trap and retain analytes. For injection, the CIS is heated rapidly
to transfer analytes to the GC column. The CIS trapping temperature was evaluated at -150, -120,
-100, -80, and -50 ‘C. There was no observable difference in analyte response for the trapping
temperatures at and below -100°C. Temperatures above -100°C were not as effective at trapping
the more volatile compounds, therefore -100°C was chosen to achieve the best analyte trapping for

the broad volatility range and use the least amount of cryogenic coolant.

To the best of the author’s knowledge, this is the first study to use TDU liquid injection
for the automated addition of IS into the sample tubes prior to instrument analysis. In other
studies, the IS was added into the sample matrix before spinning the stir bar. In this case, the IS
is accounting for variation from the sample extraction process, such as poor extraction efficiency
and surface adsorption. With GC-MS quantification (and in this case GCxGC-TOFMS
quantification), it is best practice to also use a separate IS to account for instrument variability
that should be added at the same concentration to all samples immediately before analysis?. In
this study, surrogate compounds were added to the sample matrix prior to extraction in order to
calculate the SBSE efficiency and the IS was spiked into the TDU tubes prior to instrument

analysis to account for chromatographic and mass spectrometer variance. To test the precision of
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the IS addition method, the MPS was used to add the IS into a TDU tube with glass wool 4
times. The relative standard deviation (RSD) of the IS areas ranged from 6.1-9.9% which is
acceptable for a TOF-MS. The RSD of the IS was also low in the calibration samples, ranging
from 4.9 — 11.4%. The inter-sample variability is rather high (up to 59%) for some analytes
extracted with SBSE, as can be seen in Table 4-2. Adding the IS with the liquid injection
prevents this extraction variability from having a detrimental effect on the reliability of the
quantified data. This method should also allow for more accurate quantification of analytes

extracted by SBSE as the instrument variability will be accounted for with the IS.

4.4.2 Evaluation of Extraction Methods

Both of the extraction methods studied have advantages and limitations when applied to
the analysis of CECs in complex environmental samples. The major shortcoming for the PDMS
stir bar technique is the limited chemical selectivity range. Even with the addition of salt, SBSE
using PDMS may be incapable of extracting very polar compounds, thus leaving out a wide
range of analytes potentially present in the sample. LLE with dichloromethane is commonly used
because it extracts an acceptable range of both polar and nonpolar analytes, although, more
volatile analytes can be lost in subsequent steps to reduce solvent volume. Analyte loss can be
prevented with careful lab procedure such as heating at low temperature during Kuderna-Danish

concentration and keeping a low flow rate during nitrogen blow down.



LLE SBSE SBSE =
LLEWW LLEWW Spring WwW SBSE WW Spring
Cal. Influent Effluent Creek Influent Effluent Creek
Mass
Compound (m/z) log Kow %R+RSD %R+RSD %R+RSD %R+RSD  %R+RSD  %R+RSD
Acid 2-Fluorophenol 112 1.82 79+11 60x1 3522 ND ND ND
Surrogate Phenol-d6 99 1.54 26+5 25+3 106 + 8 ND ND ND
Standard
Mg(()i,v?”fo 2-Chlorophenol-d-4 132 222  94+22 6848 64+9 ND ND ND
2,4,6-Tribromophenol 62 4.40 26 £ 32 19+12 9340 ND ND ND
Base 1,2- Dichlorobenzene-d4 150 3.44 65+ 17 586 159+ 14 685 72+8 1171
Neutral
Surrogate 2-Fluorobiphenyl 172 4.03 61 +21 554 65+ 19 936 8112 903
Standard
Mix (3/90 Nitrobenzene-d5 82 1.82 66 £ 13 66 + 10 86 + 22 43+1 39x1 ND
SOW)
p-Terphenyl-d14 244 5.51 74 £ 22 7911 118 £ 10 19+ 59 34+3 54+9
PCB 18 186 5.24 66 £ 19 81%5 101 +£16 66 £ 37 984 1029
QUEChERS PCB 28 186 5.72 65+ 19 75x9 106 £ 13 39+41 6120 737
Internal
Standard PCB 52 220 8.83 67 £ 20 82+ 14 894 44 + 49 63+ 15 66 + 14
Mix for
GC-MS Triphenylmethane 165 5.11 68 £ 19 868 956 38 +43 58 + 23 7611
Analysis
Triphenyl phosphate 77, 326 4.59 719 86 +12 103+ 14 NLR NLR NLR
Tris-(1,3-dichloro
isopropyl)phosphate 75, 77 3.27 97 £ 20 112+ 3 817 NLR NLR NLR

Table 4-2: Calibration Mass, LogKow, % Recovery and % RSD for the LLE and SBSE samples. ND, non-detect. NLR, non-linear.

%RSD (n=3). ND, non-detected analyte. NLR, non-linear response in calibration (only high concentration response observed).
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Compared to LLE, SBSE may not be selective for as many analytes, but it is more
sensitive, with literature values often seen in the low parts per trillion detection range?®=°. In
LLE, the 400 mL starting volume is extracted and concentrated to 1.5 mL, of which 1 L is
analyzed, therefore the concentration factor is approximately 267. With SBSE, the entire
contents of the 24 uL PDMS extraction phase are analyzed from the 10 mL starting volume,
resulting in a concentration factor of approximately 416, leading most often to the use of SBSE

for trace analysis of dilute samples.

To compare the efficiency of the extraction methods the surrogate recovery rates were
calculated for each sample (n = 3 for each sample type). The surrogate mixtures were spiked into
the LLE samples before extraction at a final concentration of 200 ng/mL and the SBSE samples
were spiked at 20 pg/mL in the 10 mL sample. The calibration curves for all 14 surrogate
compounds (except for 2-Chlorophenol-d4 in the Spring Creek data set) were linear over the
range studied, with correlation coefficients greater than 0.98 and relative standard deviation
(RSD) values below 25% for the liquid injection samples. In the SBSE calibrations, 8 of the
surrogate compounds were calibrated for the influent/effluent samples and 7 were calibrated for
the Spring Creek samples. The 4 acid surrogate compounds (2-fluorophenol, phenol-d6, 2-
chlorophenol-d4, and 2,4,6-tribromophenol) were not detected in the calibration stir bars due to
either their polarity or insufficient transfer during desorption. The loss of recovery for this class
of surrogates demonstrates the major problem with SBSE; its selectivity for non-polar
compounds and poor extraction of polar compounds. The other non-calibrated surrogates,
triphenyl phosphate and tris-(1,3-dichloro isopropyl) phosphate, showed non-linear responses as

their RSDs were above 25%. These compounds are relatively non-polar (logKow 0f 4.49 and 3.27
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respectively) but they elute at the end of the analysis. Their poor calibration linearity is suspected

to be from poor thermal desorption transfer from the stir bar to the TDU and the TDU to the CIS.

The recovery results for the surrogates in samples are listed in Table 4-2 and the method
blank recovery values are in the Table 4-3. The recovery values for LLE and SBSE were similar
for the surrogate compounds that could be effectively extracted with each method. For the
compounds that were amenable to SBSE, the recovery rates ranged from 19% to 117%, with the
median value at 66%. In SBSE method blanks, the detected surrogate compounds with logKow
>3 all showed recovery greater than 85%, demonstrating the methods efficient extraction for
nonpolar compounds. The sample matrix impacted SBSE recoveries, as every compound except
2-fluorobiphenyl and nitrobenzene-d5, were recovered at higher levels in both the effluent and
Spring Creek samples than the influent samples despite the 1:5 dilution of these samples. The
suppression is most likely due to competition from the fatty acids and steroid compounds that
dominate the influent samples. The recovery for the surrogate nitrobenzene-d5 indicates matrix
enhancement in both of the wastewater samples compared to the spring creek sample where it

was not detected.

The LLE recovery values ranged from 19% to 159%, with the median value of 74%. As a
group, the acid surrogate mix compounds demonstrated poor recovery, although LLE was able to
extract them, unlike SBSE. The poor recovery is likely attributed to losses during the
concentration steps, as they are the more volatile compounds. Complex environmental samples
often suffer from matrix enhancement effects®. This is best demonstrated by the Spring Creek

samples, where 7 of the surrogates had recoveries over 100%.
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SBSE
LLE LLE Spring Spring
WwW Creek SBSE WW Creek
Method Method Method Method
Blank Blank Blank Blank
Compound %R %R %R %R
Acid 2-Fluorophenol 53 29 ND ND
Surrogate Phenol-d6 20 ND ND ND
Standard Mix 2-Chlorophenol-d-4 66 56 ND ND
(3/90 SOW) 2.4,6-Tribromophenol 28 88 ND ND
Base Neutral 1,2- Dichlorobenzene-d4 62 145 82 109
Surrogate 2-Fluorobiphenyl 53 66 81 95
Standard Mix Nitrobenzene-d5 63 94 47 ND
(3/30 SOW) p-Terphenyl-d14 80 113 73 100
PCB 18 = 1,1’-Biphenyl, 2,2’,
5-trichloro- 80 99 100 127
PCB 28 =1,1’-Biphenyl, 2,4,4’-
QUEChERS trichloro- 80 109 85 114
Internal .
Standard Mix | PCB 52 =1,1°-Biphenyl, 2,2”,5,
for GC-MS 5’-tetrachloro- 87 93 97 121
Analysis Triphenylmethane 93 95 88 123
Triphenylphosphate 88 68 NLR NLR
Tris-(1,3-dichloro
isopropyl)phosphate 92 70 NLR NLR

LLE samples (n=2), SBSE (n=1). ND, non-detected. NLR, non-linear response.

4.4.3 Suspect Screening Analysis for CECs

Complex samples produce large, complex datasets that require a data processing

workflow to identify significant features within the samples. This is often accomplished through

the following basic steps: initial discovery of peaks (usually thousands per sample), reduction in

the number of peaks by removing irrelevant background, solvent, and column bleed, tentative

identification of remaining compounds, and confirmation of these identifications®2. For the

discovery of peaks, the samples were processed and compared to a reference method blank for

each sample set. In order for an analyte to be added to the peak list it must be exclusive to the
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samples or, if it is present in the blank, it’s peak area must be over 20% more abundant in the
samples than the reference method blank. The number of peaks was further reduced through
removing those that were not identified by spectral matches with the NIST library, when match
criteria was set to greater than 800 (80% match) on average in both similarity and reverse
matching. In suspect screening analysis, the compounds of interest are compared to a list of
relevant suspect compounds. In this study, the US EPA Comptox Chemistry Dashboard was

utilized.

Between the WWTP and Spring Creek samples, a total of 32 suspect analytes were
tentatively identified, ranging from pharmaceuticals and personal care products to industrial
products and waste. The Venn diagrams in Figure 4-2 compare the identified analytes based on
their extraction technique and sample location. For a complete list of analytes, similarity and
reverse library match values, and reported functional use see Table 4-4. The logKow values for
the suspect analytes range from -0.07 (caffeine) to 5.95 (homosalate). Both LLE and SBSE
methods were effective at extracting the majority of analytes in the influent and effluent waters,
but SBSE was more effective for the Spring Creek samples. LLE of Spring Creek samples found
only 1 compound (cedrol) not detected in SBSE, while SBSE extracted an additional 7
compounds not found in LLE. This is most likely due to the increased sensitivity of SBSE
compared to LLE, which is observed in the range of calibration standards. For the liquid samples
the low calibration standard was 10 ng/mL. For the stir bar samples, the low calibration standard
was 1.0 pg/mL, 10,000 times more sensitive. The WW effluent goes into Spring Creek after
tertiary disinfection therefore the contaminants from the spring samples are more dilute. SBSE
was able to extract more of the trace analytes due to the greater concentration factor and

sensitivity. The stir bars also performed unexpectedly well over a wide range of polarities, even
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extracting some of the compounds with low logKow values such as maltol (log Kow = 0.07),
benzothiazole (log Kow= 1.90), and caffeine (log Kow = -0.07). Caffeine was found in both
influent and effluent samples using LLE, but only in the influent for SBSE. It is suspected that
caffeine in the influent was extractable by SBSE because of its high concentration but it could
not compete with more concentrated analytes at the lower concentration in the effluent, therefore

it was not detected.

This data also demonstrates the inefficiencies of the WWTP for removing CECs. Only 2
compounds, Thymol and Ibuprofen, were found to be removed to below detection limits from the
influent samples after analysis with each method. Out of the 27 suspect analytes identified in the
effluent, 13 were also identified in Spring Creek. This is most likely due to the sensitivity of
SBSE analysis on the diluted Spring Creek analytes. It was also interesting, though not
unexpected, to find the pesticide Atrazine and the herbicide precursor and degradation product
3,4-Dichloro-benzenamine in the Spring Creek water. Central Pennsylvania is an agricultural
area and agricultural runoff is common in local streams and rivers. Even more pesticides and
herbicides would be expected to be found in the Spring Creek samples with a pesticide specific

targeted search.

Because this study utilizes GCxGC-TOFMS with suspect screening analysis, analytes
from a wide range of chemical classes and functional use were tentatively identified. Combining
comprehensive extraction methods with multidimensional chromatography allows for a more
complete analysis of samples compared to targeted methods. All of these analytes have been
identified individually in targeted analysis®*3° but it is uncommon for multiple compound classes

to be identified in one study, highlighting the importance of suspect screening analysis.
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Figure 4-2: Venn diagrams of all sample types showing the differences and commonalities of the
analytes extracted with LLE and SBSE.
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Figure 4-2 continued.
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Table 4-4: Compounds tentatively identified from the wastewater and spring creek samples. The
similarity and reverse values are the match values to the NIST mass spectral database.

Compound Similarity Reverse Type
2-Butanol 816 957 PCP-flavorant, fragrance
Dimenhydrinate 939 939 Drug-antiemetic
Lidocaine 904 904 Drug-anesthetic
Diphenyl sulfone 936 936 Manufacturing-colorant
Doxepin 952 952 Drug-antidepressant
2-(methylthio)-benzothiazole 955 958 Consumer product
Crotamiton 933 933 Drug-antiparasitic
Amitriptyline 971 971 Drug-antidepressant
Venlafaxine 943 947 Drug-antidepressant
3,4-Dichloro-benzenamine 953 955 Herbicide precursor
Tramadol 866 866 Drug-analgesic
Citalopram 915 915 Drug-antidepressant
Bupropion 899 904 Drug-antidepressant
Methadone 917 917 Drug-opioid
Maltol 952 955 PCP-flavorant
Musk ketone 932 941 PCP- fragrance
Propofol 927 929 Drug-anesthetic
Triclosan 878 896 PCP-Antibacterial
Oxybenzone 896 896 PCP-sunscreen
Levomenthol 957 957 Drug-anesthetic
Thymol 742 771 PCP-Antibacterial
Benzophenone 952 952 PCP-sunscreen
Eucalyptol 933 933 PCP-fragrance
Butylated Hydroxytoluene 889 890 PCP- body wash, makeup
Benzothiazole 926 945 PCP-fragrance
Cedrol 861 862 PCP- emollient
Caffeine 952 952 PCP-eye cream, stimulant
Homosalate 917 922 PCP-sunscreen
Benadryl 911 928 Drug-antihistamine
Carbamazepine 805 860 Drug-anticonvulsant
Ibuprofen 791 856 Drug-analgesic
Atrazine 845 846 Pesticide

PCP, personal care product. Consumer product is the label on the EPA Comptox Database when
the descriptor is not clear about the use. Similarity-number from the NIST search algorithm that
defines how well the peak matches the library match using all masses, between 0-999. Reverse-
number from NIST search algorithm defines how well the peak matches the library using masses
in the database, between 0-999.
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4.5 Conclusion

In this study, two extraction methods were utilized and evaluated for the suspect
screening analysis of CECs in wastewater influent, effluent, and discharge impacted surface
water through GCxGC-TOFMS. Both LLE with dichloromethane and SBSE with PDMS yielded
similar recovery results and linearity for the selected surrogates and calibration mix. A new
method of SBSE internal standard calibration was developed utilizing the TDU liquid option to
add IS directly before chromatographic analysis. This method modification should provide for an
analytical benefit as compared to adding the IS to the sample before extraction. SBSE requires
some method optimization before use to expand its selectivity range, but it is a more sensitive
and greener technique that can also be automated. LLE utilizes a large amount of organic solvent
and is time consuming but has a larger range of compound classes that can be extracted. CECs
were extracted effectively using both SBSE and LLE of the WW samples, but SBSE extracted a
larger number of analytes in both cases. As a result of the higher concentration factor, SBSE was
especially advantageous for extracting the trace components in the Spring Creek samples.
Because this study utilizes GCxGC-TOFMS with suspect screening analysis, analytes from a
wide range of chemical classes and functional use were tentatively identified. Combining
comprehensive extraction methods with multidimensional chromatography allows for a more
complete analysis of samples compared to targeted methods. All of the 32 suspect analytes have
been identified individually in targeted analysis®*3° but this study highlights the importance of

suspect screening analysis to identify more compounds in complex samples
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Chapter 5

Using Non-targeted Methods for the Analysis of Contaminants of Emerging
Concern and Their Transformation Products in Treated Wastewater

Irrigated Soil and Corn.
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5.1 Abstract

In many parts of the world, clean water has become increasingly scarce. Irrigation of
agricultural land with treated wastewater is commonly used in response to water shortages but
there is concern about the environmental fate and transport of contaminants present in the
irrigation wastewater. This study aimed to examine the presence of wastewater sourced
contaminants in soil and field grown corn (zea mays) crops spray irrigated with treated
wastewater. Soil, corn grain, leaves, and roots were sampled and tested from a long-term
wastewater irrigation site as well as a non-irrigated control site. Samples were analyzed using
comprehensive two-dimensional gas chromatography coupled to time of flight mass
spectrometry (GCxGC-TOFMS) and both targeted and non-targeted analysis methods were
conducted to determine chemical differences between the wastewater irrigated and control
samples. Target compounds detected and quantified in the samples include herbicides,
phthalates, and polycyclic aromatic hydrocarbons. Non-targeted analysis showed chemical
differences between each the wastewater irrigated and control samples. Furthermore, new
chloro-dimethyl-benzotriazole compounds were tentatively identified in the wastewater and are
suspected transformation products of the chlorine disinfection process of the wastewater
treatment plant. 20 of these new benzotriazoles were detected and semi-quantified in the
wastewater irrigated soil samples at a maximum concentration of 472 ng/g. Eight of the most

abundant benzotriazoles were also detected in the corn roots at up to 56 ng/g.
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5.2 Introduction

As the demand for clean water grows globally the availability of this water becomes more
limited, especially in arid and semi-arid regions. In an effort to combat the effects of water
shortages, treated wastewater effluent is being used in many water intensive applications, such as
agricultural irrigation. In addition to saving fresh water, reusing wastewater for irrigation can
also limit the amount of fertilizer needed as the water contains nutrients beneficial for plant
growth . Problems related to the reuse of wastewater for irrigation include the presence of salts,
heavy metals, and organic contaminants which can lead to the contamination of soil, plants, and
groundwater 2. Of increasing concern recently, wastewater irrigation has also been shown to be a

major source of antibiotic resistant bacteria in the aquatic environment 3.

Wastewater influent is a complex matrix containing a large variety of organic
contaminants ranging from household cleaning materials, industrial products, corrosion
inhibitors, and pharmaceuticals and personal care products (PPCPs) 2. Due to poor removal
efficiencies of many contaminants at wastewater treatment plants (WWTPs), these compounds
often persist in the effluent waters and continue into the environment 4. Complicating the issue
more is the potential for the formation and dissemination of possibly harmful disinfection
byproducts >¢. One topic of growing interest is the presence of contaminants of emerging

concern (CECs) in the environment, especially due to their continuous release from WWTPs ’.

CECs have been found in agricultural soils as a result of wastewater irrigation ° and a
few field studies have examined the uptake of these contaminants in plants 112, Benzotriazole
corrosion inhibitors are a class of CEC widely found in the environment as they are commonly
discharged from WWTPs and are resistant to microbial degradation 3. Plant uptake and

phytotransformation of benzotriazoles have not been extensively studied despite their ubiquitous
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nature in the environment. Two studies have examined the uptake and transformation of
benzotriazoles under hydroponic conditions with sunflowers **1°, Field studies of edible
vegetables have found uptake of benzotriazoles in plant roots ¢ as well as possible metabolites

present in strawberry root and tissue samples *'.

The most common chromatographic method for the analysis of CECs in plants is liquid
chromatography with mass spectrometry (LC-MS) although gas chromatography (GC)-MS has
also been utilized for acidic PPCPs 8. Due to the complexity of plant and soil samples, these
chromatographic methods are best used for targeted analysis or with samples that have
undergone extensive cleanup steps. With comprehensive two-dimensional GC coupled to time of
flight MS (GCxGC-TOFMS) complex samples can be more effectively separated and full mass
spectral information allows for non-targeted analysis. Both target and unknown compounds can
be effectively separated from the matrix and quantified with matrix matched calibration.
GCxGC-TOFMS has been shown to be an effective technique for the characterization of organic

contaminants in a variety of environmental samples, such as surface waters and soils %20,

The University Park WWTP services Penn State University and treats water from the
campus year-round. Following primary and secondary treatment, all water undergoes chlorine
disinfection before being pumped out to the spray irrigation site known as The Living Filter. The
water sprayed at the Living Filter is used to irrigate crops, such as corn and wheat, as well as
grasslands and forested areas. The Living Filter is over 500 acres and serves as a research site as
well as an extra treatment step for the effluent before entering the groundwater. There is one
previous plant uptake study conducted at the Living Filter site examining the presence of three
antibiotics in wheat crops due to treated wastewater spray irrigation 2. In the current study, a

target and non-target analysis was conducted to investigate the presence of CECs in soil and corn
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(Zea mays) crops that were spray irrigated with wastewater effluent at the Living Filter. Target
compounds include priority pollutants, pesticides, and benzotriazole corrosion inhibitors. Non-
irrigated corn from a nearby study site was also analyzed as a control. This study is a
continuation of a recently published study characterizing novel chloromethyl-benzotriazole
compounds in the Penn State wastewater 22, The goals of this study were multi-part (1) identify
and quantify target compounds in the soil, corn grain, corn leaves, and corn roots for both
sampling sites, (2) examine the fate of wastewater sourced chloromethyl-benzotriazoles and (3)
utilize non-target analysis to find differences between sample classes and tentatively identify
causative features. This is the first study to utilize GCxGC-TOFMS for the analysis of

contaminant presence and potential uptake in wastewater irrigated soil and corn crops.
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5.3 Materials and Methods

5.3.1 Reagents and Standards

The acetonitrile was analytical grade and was obtained from Honeywell Burdick and
Jackson (Muskegon, MI, USA). Ultrapure water was supplied by the laboratory Purist UV water
system by RephilLe Bioscience, Ltd. The extraction materials were supplied by Restek Corp.
(Bellefonte, PA, USA) and consisted of the Q-sep QUEChERS extraction salt packets: European
EN 15662 along with the Q-sep QUEChERS dSPE tubes for sample cleanup. All of the following
analytical reagents were supplied by Restek Corp. The QUEChERS internal standard mix for
GC-MS analysis was used for the surrogate mix and the semivolatile internal standard mix was
used for the internal standard. Additionally, the B/N Surrogate Mix (4/89 SOW) was also used
for extraction method development. For the target calibration mix 8270 MegaMix standard,
organochlorine pesticide mix AB #3, Minnesota ag list 1 pesticides mix A were used. The 4-
methyl-1H-benzotriazole (>90.0% purity) and 1-chloromethyl-1H-benzotriazole (>98% purity)
were purchased from Sigma-Aldrich (St Louis, MO, USA). The 5-methyl-1H- benzotriazole

(>98% purity) was from Acros Organics (New Jersey, USA).

5.3.2 Sample Collection

In the fall of 2018, soil and corn samples were collected from the Living Filter spray field
site before harvest. The corn was sampled at three locations relative to the irrigation spray head
including the first row, the fifth row, and the fifteenth row. For extraction and analysis, triplicate
samples were taken at each location and the samples were split into separate jars or bags for
leaves, roots, and grain. Soil was also collected around each plant sampled and included the top 3

cm of soil and the root soil (rhizosphere). The control samples were taken from the Russell E.
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Larson Agricultural Research Center at Rock Springs where the corn was not irrigated. Corn and
soil samples were taken in triplicate in a similar manner to the Living Filter site, although they
were only taken from one row. One extra sample of each was taken at both locations for use in
method development. Samples were frozen immediately after sampling until removed for

extraction.

At the control site the corn variety was Channel 202-20 STX. Fertilizer applied was 400
Ibs. of urea per acre with Agrotain. The herbicide applied was Lumax (mixture of atrazine,
acetochlor, and mesotrione). The soil found at this site is a mix of Hagerstown silt loam and
Murrill channery silt loam (according to the USDA Web Soil Survey). At the Living Filter site
the corn seeds planted were Mycogen TMF2H708. The corn was fertilized with urea-ammonium
nitrate, split application in the summer. The herbicides applied were atrazine, prowl, glyphosate,
dicamba, and Lambda Cy (Insecticide). The wastewater effluent irrigation schedule is as follows:
weekly in March, off in April & May and first half of June, weekly in the 2nd half of June, July,
August and 1st half of September, and off again in the 2nd half of September. The soil is

primarily a mixture of Hublersburg silt loam and Hagerstown silt loam.
5.3.3 Sample Extraction

The soil samples were ground with a mortar and pestle and sieved in a number 8 sieve
(2.38 mm) to remove larger rocks and debris. Tweezers were then used to removed vegetation
and other small foreign material. For the corn grain, the frozen kernels were removed and
blended in a laboratory grade blender until they resembled a powder. The leaves were rinsed
with pure water and dried before homogenization in a blender. The roots were cleaned with pure
water to remove the soil then cut up and allowed to air dry. They were then frozen with liquid

nitrogen and homogenized with a blender until they resembled a powder.
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Method optimization was completed for each sample type to determine if d-SPE cleanup
was necessary. Two different d-SPE cleanup salt mixtures were compared to no cleanup. Both d-
SPE mixtures contained 150 mg MgSQa4, 50 mg PSA, and 50 mg C18 but they differed in the
amount of GCB which was either 7.5 mg or 50 mg. The samples were extracted in triplicate for
each condition and the percent recoveries for surrogate and target compounds were compared
with each condition. A modified EN 15662 QUEChERS method (European Committee for
Standardization (CEN)) was used for the multiresidue extraction of the corn and soil samples,
see Table 5-1 for the mass of sample and volume of water added to each sample. The general
method is as follows. The homogenized sample was weighed and placed in a 50 mL centrifuge
tube and fortified with 2 pL of the 50 ng/uL surrogate mix, this corresponds to 100 pg/pL in the
final extract solution for all. The fortification levels for each material are listed in Table 5-1.
Unfortified samples were also extracted to prepare matrix-matched standards for quantification.
After fortification, ultrapure water was added according to the wetting ratio recommendations in
the EN 15662 method and the samples were vortexed for 30 seconds and left to rest for 10
minutes. 10 mL of acetonitrile was then added to each sample and they were shaken manually
for 1 minute. The QUEChERS extraction salts containing 4 g MgSQOa4, 1 g NaCl, 1 g trisodium
citrate dihydrate, and 0.5 g disodium hydrogen citrate sesquihydrate were added and the samples
were shaken and vortexed for an additional minute. Samples were then centrifuged for 5 minutes
at 3,000 rpm. The entire supernatant was then removed and blown down with a low flow of
nitrogen gas until 1.0 mL final volume. If the sample required further cleanup it was transferred
to a 2.0 mL pre-filled dispersive solid phase extraction (d-SPE) tube with 150 mg MgSO4, 50 mg

primary and secondary amine (PSA), 50 mg C18, and 7.5 mg graphitized carbon black (GCB).
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The d-SPE tube was then centrifuged at 6,000 rpm for 10 minutes. The final extracts were then

stored at -4°C until instrument analysis.

Table 5-1: Information about the samples for QUEChERS extraction including mass of samples,
mass of water added to sample, and whether d-SPE was used to clean up the sample.

Sample Mass of sample (g) Volume of water (mL) d-SPE cleanup | Fortification level
(ng/g)
Soil 10.0 5.0 None 10
Corn grain 10.0 2.0 Yes 10
Corn leaves 25 8.0 Yes 40
Corn roots 5.0 2.5 None 20
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5.3.4 Matrix-Matched Calibration and Quantification

Matrix-matched internal standard calibration was utilized for each sample to determine
the recovery of surrogates and to quantify target compounds in samples. A matrix-matched
calibration curve was prepared for each sample type using final unfortified extract for
comparison to the acetonitrile solvent calibration curve. All of the curves were analyzed on the
GCxGC-TOFMS from 10 to 2,000 pg/uL, with the internal standard at 200 pg/uL in all samples.
The slopes for each of the calibration curves were calculated using the ChromaTOF software.

The percent matrix was calculated using the following formula:

Slope of Matrix Curve

% Matrix = x 100%

Slope of Solvent Curve

If the % matrix is >100% then there is ion enhancement, <100% then there is ion suppression. To
determine the significance of the matrix effect the following criteria were used: |% matrix — 100|
< 20, no significant matrix effects, |% matrix — 100| = 20 to 40, there is moderate matrix effects,
|% matrix — 100| > 40, there are significant matrix effects.

Quantification was done using the average response factor for each analyte and the
relevant internal standard compound. The internal standards were also added at the same
concentration to each sample extract before analysis for quantification of the target and surrogate
compounds. Extraction recovery values for each surrogate were calculated to confirm the
efficiency of the extraction method. A previously extracted wastewater effluent sample was also

analyzed with each sample set.
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5.3.5 Instrumental Analysis

A Leco Pegasus 4D GCxGC-TOFMS instrument (LECO Corp., St. Joseph, MI, USA)
was used for all instrumental analysis which included a 7890A GC system (Agilent
Technologies, DE, USA) and a Gerstel Multipurpose Sampler (MPS-2, Gerstel, Inc.). The
column ensemble consisted of a 60 m x 0.18 mm ID x 0.18 pm film thickness Rtx-1 (Restek
Corp.) in the first-dimension coupled to a 1.0 m x 0.18 mm ID x 0.18 pm film thickness Rxi-17
Sil MS in the second-dimension (Restek Corp.) with a 0.6 m x 0.18 mm ID phenyl methyl
deactivated guard column (Restek Corp.) for the transfer line. The carrier gas was helium at a
constant flow of 1.4 mL/min. A 1 pL sample was injected into a splitless inlet with an inlet purge
time of 90 sec. The inlet was set to 250 °C and was outfitted with a Topaz 4.0 mm ID Single
Taper Inlet Liner w/ Wool (Restek Corp.). The primary GC oven program was 95 °C (1.5 min), 5
°C/min to 310 °C and hold 8 minutes, and the secondary oven temperature program was 5 °C
positive offset. The modulator was at a positive 20 °C offset with a modulation period was 3.5
seconds, a 1.1 second hot pulse and 0.65 second cold pulse. Electron ionization at 70 eV was
used with an ion source temperature of 250 °C and a transfer line temperature of 300 °C. The

data acquisition mass range was from 50 to 550 amu at a rate of 150 spectra/sec.

5.3.6 Data Processing

All data were processed using the ChromaTOF software (LECO Corp.) version 4.71.0.0
for baseline computing, peak finding, mass spectral deconvolution, integration, and multi-point
calibration. Peak finding procedures were applied to peaks with a S/N of greater than 50. The
NIST 2017 Mass Spectral Library was used for the screening and evaluation of surrogates, target

analytes, and unknown compounds. Using the statistical compare feature, all samples were
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reprocessed for baseline computation, peak finding, peak area integration, and MS library
searching. The samples were separated into classes for non-targeted comparison, and statistical
compare was then used to align chromatograms and generate a peak table. Peaks due to column
bleed were removed from all samples. Samples were then normalized using the internal standard
compounds and Fisher ratios were calculated. Analytes with Fisher ratios above the Fcrit value at

a = 0.05 were exported to RStudio for statistical analysis.

5.4 Results and Discussion
5.4.1 Method Validation

Complex matrices, such as plant material and soils, can often have a negative impact on
accurate quantification when using GC-MS systems, or in this case GCxGC-TOFMS. Matrix-
matched calibration is often utilized in order to overcome the matrix effects during quantification
of contaminants in plant material #2°, Four matrices are examined in this study (soil, corn grain,
roots, and leaves) so four matrix-matched calibration curves were compared to the acetonitrile
solvent curve. Half of the 12 compounds did not have significant matrix effects but the other half
demonstrated significant matrix suppression and enhancement effects that could negatively
impact quantification. The three benzotriazole compounds had significant matrix effects in each
sample type. They are a class of CEC of interest in this study, therefore internal standard matrix-
matched calibration was done. Table 5-2 outlines the matrix effects for the 12 compounds. The
proposed QUEChERS extraction methodology was evaluated for the recovery of 12 compounds,

including three benzotriazoles (Table 5-3).



Table 5-2: Matrix-matched calibration information for each sample type.
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Matrix-Matched Corn Matrix-Matched Soil Matrix-Matched Roots Matrix-Matched Leaves
Acetonitrile % % Matrix % % Matrix % % Matrix % % Matrix

Analyte Slope Slope  Matrix -100 Slope  Matrix -100 Slope  Matrix -100 Slope  Matrix -100
nitrobenzene-D5 0.201 0.239 119 19 0.078 39 -61 0.077 38 -62 0.082 41 -59
2-fluorobiphenyl 0.367 0.437 119 19 0.446 121 21 0.482 131 31 0.504 137 37
1-CIBZT 0.087 0.186 215 115 0.122 141 41 0.181 209 109 0.163 189 89
4-MeBZT 0.039 0.174 448 348 0.074 191 91 0.157 404 304 0.158 407 307
5-MeBZT 0.039 0.130 335 235 0.030 78 -22 0.113 290 190 0.127 328 228
PCB- 18 0.335 0.352 105 5 0.359 107 7 0.384 115 15 0.387 116 16
PCB- 28 0.218 0.217 100 0 0.214 98 -2 0.259 119 19 0.271 124 24
PCB- 52 0.191 0.137 72 -28 0.189 99 -1 0.201 105 5 0.215 113 13
TPM 0.095 0.106 111 11 0.102 107 7 0.106 111 11 0.112 117 17
p-terphenyl-d14 0.293 0.347 118 18 0.319 109 9 0.319 109 9 0.365 125 25
TDCPP 0.444 0.773 174 74 0.664 150 50 0.827 186 86 0.850 191 91
TPP 0.116 0.052 44 -56 0.156 134 34 0.203 174 74 0.233 200 100

*Abbreviations: BZT, benzotriazole. TPM, triphenylmethane. TDCPP, tris(1,3-dichloroisopropyl) phosphate. TPP, triphenyl phosphate

Table 5-3: Recovery values for the surrogates in control and Living Filter spray field (LFSF) site (% Relative Standard Deviation values).

Soil Corn Grain Corn Leaves Corn Roots

LFSF LFSF

LFSF LFSF LFSF LFSF  LFSF LFSF LFSF  LFSF  Row LFSF LFSF Row

Surrogate | Control Rowl Row5 Row15 | Control Rowl Row5 Row15 |Control Rowl Rowb5 15 |[Control Rowl Rowb5 15
PCB 18 56 (17) 68(22) 67(17) 76(25) | 63(8) 56(5) 55(5) 60(14) [47(13) 56(7) 55(15) 69(10)| 70(9) 50(5) 58(9) 55(9)
PCB 28 55(15) 61(21) 62(16) 68(28) | 57(7) 51(5) 49(5) 56(14) |38(15) 46(10) 48(17) 63(11)| 66(5) 55(8) 62(9) 62(10)
PCB 52 53(15) 60(18) 57(22) 67(26) | 58(13) 53(7) 51(19) 57(16) |42(16) 51 (10) 57 (17) 68(12)| 62(6) 50(6) 55(9) 55(10)
TPM 54 (16) 75(23) 72(20) 83(29) | 80(9) 70(5) 61(13) 80(18) | 64(6) 55(11) 63(19) 75(12)| 82(7) 70(10) 85(13) 74(16)
TDCPP 74 (16) 96(26) 94(21) 105(21) | 91(10) 104 (6) 96(8) 103(12)|65(13) 72(11) 61(18) 91(7) | 74 (10) 69 (11) 81(10) 74(9)
TPP 71(12) 83(22) 82(18) 86(23) |119(11) 121(9) 122(19) 120 (14)|75(16) 117 (15) 59 (13) 76(16)| 63 (16) 41 (18) 34 (28) 42 (17)
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5.4.2 Occurrence of Target Compounds

Plant uptake by corn was not predicted to be high as cereal crops are less likely to uptake
and accumulate CECs than leafy vegetables and root vegetables 2°. The target list in this study
contained 100 compounds of interest, including EPA priority pollutants, commonly used
agricultural herbicides and pesticides, and three benzotriazoles. A few of the identified target
compounds are inherent in plants or exist as metabolites, such as benzyl alcohol and phenol.
Their concentrations are reported but not extensively discussed. Concentrations and % RSDs for

the target compounds detected in samples are reported in Table 5-4.

Both the control and Living Filter soil was sampled at two depths, including the top 3 cm
and the root around each corn plant. 14 target compounds were identified and quantified in the
soil samples. Of the targets quantified, 79 % of the top soil and 70 % of the root soil were at
lower concentrations or not detected in the control samples compared to the Living Filter soils.
In general, the compounds detected at the highest concentrations in the soils were herbicides and

phthalates.



Table 5-4: Quantification of target compounds (ng/g) in both control and Living Filter spray field (LFSF) samples. %RSD is shown in

parentheses.

Compounds

Phenol
Benzyl alcohol

Azobenzene
Hexachlorobenzene
Atrazine
Anthracene
Acetochlor
Alachlor
Metolachlor
Pendimethalin
Fluoranthene
Pyrene

Benzyl butyl phthalate

Benz[a]anthracene
Chrysene

Bis(2-ethylhexyl) phthalate
Bis(2-ethylhexyl) adipate

Naphthalene

1-methylnaphthalene

Diethyl Phthalate
Dibutyl phthalate

Detected in
effluent?

<

<X <KZ2Z<LKLK<K2Z2LKLK<KZ2zZzz2zZ2z<K222 <
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Soil Corn Grain Corn Leaves Corn Roots
C‘}r:go' LTF c?pF nggto ! ;'Z%'t: Control LFSF  Control LFSF  Control  LFSF

—_ 1.1(4) —_ -2 063 101 80 (16) 43 (17) 31(9) -

- —_ - — 45(2) 23(2) — - 40 (10) 51 (8)

- - - -1 - - 8.0(3) 12(6) 29(8) 7.5(6)

- 0.9(3) - 1.5 (6) - - - - - -
59(3) 25(2) 25(3) 124 — — — — — -
08(3) 17(4) 08(2) 084 — — — — — -
129 (3) — 23 (4) — — — — — 4.5 (10) -

— 2.8 (2) — 6.1(2) — — — — — -
34(1) 04(3) 46(2) 06 — — — — — -

- 235 (2) - 38 (3) - - - - - 3.9 (6)
19(1) 4032 2003 23(4) — — — — — -
16(1) 3012 1703 194 — — — — — -
54(4) 6.0((2) 43@4) 53(Q3) 03(3) 25(7) 11 (11) 16 (18) 7.7(13) 7.5(8)
04(4) 1.0(3) — 0.7 (3) - - - - - -
093 21(4) 11(4) 12 — — — — — -
43(4) 48(10) 65(33) 16(3) 173 (4) 30(9) - - 35(11) 95(11)

— — — — 12 (1) 12 (1) — — 27 (18)  25(6)

- - - - - - 4.4 (14) 7.3(20) - -

- - - - - - 41(4) 3.1(10) - -

— — — — — — 14 (5) 12 (9) 3.4(8) 6.7(11)

- - — — 15(1) 18(Q) 25 (4) 33 (5) - 4.6 (3)

Y, compound is present in effluent water. N, compound is not detected in effluent water. —, compound not detected in sample. —, compound
is detected but is too low and not in the limit of quantification.
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Atrazine was applied at both locations and was detected in all samples, although it was
more prevalent in the control soils (5.9 ng/g top soil and 2.5 ng/g root soil) than in the Living
Filter (2.5 ng/g top soil and 1.2 ng/g root soil). Atrazine has been shown to exhibit increased
leaching in effluent irrigated soil 2" and this could explain why the control soil retained more
atrazine than the Living Filter soil. Acetochlor was only applied at the control site and it was
detected in the control samples at high concentrations of 128.7 ng/g in the top soil and 22.7 ng/g
in the root soil. Acetochlor was not detected in any of the Living Filter soil samples.
Pendimethalin (commercially known as Prowl) was applied at the Living Filter site and was
detected at the highest concentration of all targets, 235.7 ng/g in top soil and 38.3 ng/g in root
soil. Pendimethalin adsorbs to soil more strongly with wastewater effluent irrigation 8 this could
prevent it from leaching and lead to the high concentration in the soil samples. Both quantified
herbicides, metolachlor and alachlor, were not applied directly at either location. Alachlor was
only detected in the Living Filter soil but Metolachlor was detected at both sites, although both
herbicides were detected at higher concentrations in the root soil compared to the top soil. The
concentrations of all herbicides, except pendimethalin and acetochlor, were in the range detailed
in a 2017 study of commonly used pesticides in 29 archived soil samples 2°. Pendimethalin was
detected at a higher concentration in the Living Filter than the range presented in the study and

acetochlor was not included in the 2017 study.

Two phthalate esters, benzyl butyl phthalate (BBP) and bis(2-ethylhexyl) phthalate
(DEHP), were detected and quantified in both soil sample locations. These two compounds were
also detected in the effluent irrigation water. DEHP has been found at higher concentrations than

BBP in other studies and they have both been found frequently in agricultural soils 3%, The
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concentration of BBP was not very different for the control and Living Filter samples, but the

DEHP was about 10 times higher in the Living Filter top soil than the control top soil.

In the corn grain, six target compounds were detected and quantified in the control and
Living Filter samples. Both BBP and DEHP were quantified in both location top and root soil
samples and they were detected in the corn grain at both locations. Additionally, dibutyl
phthalate (DBP) and bis(2-ethylhexyl) adipate (DEHA) were also present in the corn grain
samples at similar locations for the control and Living Filter samples. Phthalates have been
identified in field grown plants 312 due to their soil-to-root transport and foliar uptake from the
air %3, In these studies, DEHP was the most commonly detected phthalate in vegetables. In this
study, DEHP and DEHA were identified at greatest concentrations, although DEHP was much

higher in the control corn grain.

In the corn leaves, seven target compounds were quantified in the control and Living
Filter samples. Three phthalate compounds including, BBP, DBP, and diethyl phthalate (DEP)
were all at concentrations above 10 ng/g in both the control and Living Filter samples.
Previously, DBP has been found to accumulate in vegetable leaves %2, and in this study DBP can
be seen to preferentially accumulate in the leaves rather than the corn grain, as the concentration
was significantly higher in the leaves. The phthalates identified in the leaves are lower molecular
weight and more volatile therefore their presence in the leaves may also be attributed to foliar
uptake from the atmosphere. Additionally, naphthalene and 1-methylnaphthalene were detected
in the leaves at similar concentrations at both locations although these PAHs were not detected in
the soils. Lower molecular weight PAHSs, like the two ring naphthalene, are predicted to be taken
in by plant leaves through the atmosphere 34 which may explain why they were not detected in

the soils.
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In the root samples, 10 target compounds were detected. Although the roots were
cleaned, soil particles strongly bound to the roots may still have been present slightly increasing
the concentrations of compounds detected. Acetochlor, which was only detected in the control
soil, was also found in the control root samples. Pendimethalin, in opposite respect, was only
determined in the Living Filter soil and was also only detected in the Living Filter roots. All of
the phthalate compounds detected in the other samples were also detected in the root samples
except that DBT was only found in the Living Filter roots. Similar to the soil and grain samples,
DEHP was also detected at the highest concentration in the roots, 35 ng/g in control and 95 ng/g
in the Living Filter. Phthalates, and especially DEHP, are widely used, potentially harmful, and
environmentally persistent * therefore their presence in soils and field grown vegetables and

grains should be of concern and further study.

5.4.3 Fate of Benzotriazoles

This study is a continuation of previous work 22 described in chapter 2 that tentatively
identified new chloromethyl-benzotriazole transformation products formed from the reaction of 4
and 5-methyl-1H-benzotriazole with sodium hypochlorite in the chlorine disinfection step of the
Penn State WWTP. These compounds ranged in mean concentration from 7.5 to 46.7 pg/L in the
effluent waters used to spray irrigate the Living Filter site and total benzotriazole yearly mass
loading was estimate between 149 and 395 kg/year. No benzotriazoles were detected in the
groundwater below the site, therefore the soil and corn crops were sampled to determine the fate
of these compounds. The presence of chloromethyl-benzotriazoles in soil or their plant uptake

has not been previously studied.

Wastewater effluent containing the chloromethyl-benzotriazole compounds of interest

was analyzed with each batch of samples to provide a retention time and mass spectral reference.
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The four chloromethyl-benzotriazoles tentatively identified previously (m/z = 167) as well as the
methyl-benzotriazoles (m/z = 133) were not detected in any of the soil or corn samples. The
methyl-benzotriazoles have been shown to be resistant to biodegradation and they have slow
dissipation rates in soil 3¢, therefore it is predicted that these compounds are present in the soil
but are below the limit of detection because they were in the effluent at low concentrations (1.1-
3.5 pg/L). There is no literature information on the sunlight or soil degradation rates of
chloromethyl-benzotriazoles therefore it is unknown how much these factors contributed to the

removal or transformation of these compounds in the soil.

A total of 20 new chlorinated benzotriazole compounds were tentatively identified in the
soil samples as well as the effluent irrigation water. 10 of these new compounds are predicted to
be monochloro-dimethyl-benzotriazole isomers corresponding to CsHsNsCl (m/z = 181).
Previously obtained chromatograms of the wastewater influent were analyzed for these
compounds and they were not detected, therefore it is hypothesized that these new benzotriazoles
are additional transformation products formed during the chlorination step. Huntscha et al found
that 4 and 5-methyl-1H-benzotriazole form dimethyl-benzotriazoles as a transformation product
in activated sludge treatment . The 4 and 5-methyl-1H-benzotriazole isomers are present in
Penn State wastewater and activated sludge is a secondary treatment step utilized at the
University Park WWTP thus the dimethyl-benzotriazoles were probably formed in this water.
Additionally, a 2017 study examined the chlorination of dimethyl-benzotriazole and found that a
monochlorinated dimethyl-benzotriazole derivative was formed during the reaction . In
addition to the monochloro-dimethyl-benzotriazole isomers, 10 dichloro-dimethyl-benzotriazoles
were also tentatively identified (CsH7NsClz2, m/z = 215) as a product of the chlorine disinfection

reaction. This predicted reaction scheme is shown in Figure 5-1 with the possible isomers shown.
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Figure 5-1: Predicted reaction scheme for the formation of the mono and dichloro-dimethyl-
benzotriazoles during the WWTP chlorine disinfection process.

There are no commercially available standards for the tentatively identified monochloro
and dichloro-dimethyl-benzotriazoles so their identities were predicted based on the mass
spectral information shown in Figure 5-2. Of the 10 monochloro-dimethyl-benzotriazoles, only 2
had a NIST spectral database match with a compound in the library. There was a low match of
704 (70%) with the compound 2-(Chloromethyl)-6-methyl-1,3-benzoxazole, but the
benzotriazole derivative is more likely as they are found in abundance in the wastewater studied.
In total, 10 compounds were tentatively identified as monochloro-dimethyl-benzotriazoles, but 4
of the compounds displayed the mass spectral seen in Figure 5-2A and 6 produced the spectrum
in figure 5-2B. The fragmentation patterns between the two spectra are different; one shows an
initial loss of 35 from Cl resulting in a peak at m/z = 146 (Figure 5-2A), while the other exhibits
the first loss of 29 from N2H with a peak at m/z = 152 (Figure 5-2B). This difference is expected
to be from the position of the chlorine on the molecule although it is unknown which isomer
produces which mass spectrum. Interestingly, the same pattern is seen with the dichloro-

dimethyl-benzotriazoles. four of the compounds produced the mass spectrum in Figure 5-2C and
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six compounds exhibited the spectrum in Figure 5-2D. The spectrum shared by the four
compounds has the initial 35 CI loss resulting in m/z = 180 (Figure 5-2C), while the other six
compounds lose the 29 NzH first resulting in the m/z = 186 (Figure 5-2D). As a class, the
monochloro isomers were more abundant than the dichloro isomers as they are predicted to be
more preferentially formed in the chlorine disinfection reaction. Further research needs to be
conducted to determine the exact structure of the predicted isomers as well as their fate and

reaction in the soil and agricultural environment.
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Figure 5-2: Mass spectra for the monochloro-dimethyl-benzotriazole isomers (A, B) and the
dichloro-dimethyl-benzotriazole isomers (C, D).
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The 20 tentatively identified monochloro and dichloro-dimethyl-benzotriazole isomers
were detected in the Living Filter top and root soil samples but were not detected in any of the
control soil samples. The compounds were semi-quantified using 1-chloromethyl-1H-
benzotriazole, since it was the most similar standard obtained and analyzed in the calibration
curve. In the top soil, the isomers ranged in concentration from 472 to 2 ng/g and from 176 to 1
ng/g in the root soil. Generally, the compounds in the root soil were found at about half of the
concentration they were in the top soil possibly due to soil biodegradation and root uptake.
Additionally, six of the monochloro isomers and two of the dichloro isomers were detected in the
Living Filter root samples. The isomers detected in the root samples correspond to the most
abundant isomers present in the soil samples. The monochloro isomers were detected at
concentrations of 56 to 4 ng/g but the dichloro isomers were lower at 4 to 1 ng/g in the roots. It is
expected that more of the isomers are present in the root samples but are below the detection
limit.

No benzotriazole compounds were detected in any of the leaves sampled from either
location. 1 benzotriazole compound was detected, tentatively identified, and semi-quantified in
the corn grain samples from both the Living Filter and the control site. The compound had an
840 (84%) match with 5,6-dimethyl-1H-benzotriazole and was semi-quantified at a mean
concentration of 205 ng/g in the control corn grain and 216 ng/g in the Living Filter corn grain.
This compound was not detected in any soil or corn sample, effluent water, or any of the blank
chromatograms. Future analysis with high resolution MS should be done to determine the
accurate mass and potentially the identity of this compound as it has not been identified in corn

grain before.
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5.4.4 Non-targeted Analysis

A non-targeted analysis with principal component analysis (PCA) was performed on the
complete data set for each sample type to examine the factors associated with plant uptake of
PPCPs due to wastewater irrigation. A table of contributing factors for each principal component
were then analyzed to determine analytes that contributed most to the variance. Analytes
presented in this study were tentatively identified using the mass spectrum match to the NIST
library. Only compounds with a match value greater than 800 (80%) were examined. This is a
proof of concept study using GCxGC-TOFMS for the tentative identification of contaminants in
the samples. Future research should be conducted with GCxGC-HRTOFMS to obtain the
accurate mass information for the analytes of interest, which can be further confirmed with an

analytical standard.

The PCA score plots showing the first two principal components for each sample type are
shown in Figure 5-3. In every sample class, there is clustering of the control samples separate
from the Living Filter samples. The soil samples clustered based on soil depth (top soil and root
soil) in addition to the clustering by control and Living Filter. For the soil PCA, 50% of the
variance was explained by the first and second principal components. The chloro-dimethyl-
benzotriazole compounds tentatively identified in this study were top analytes contributing to the
first principal component. The antihistamine drug benadryl and compounds suspected as human
metabolites were found in the effluent waters and Living Filter soils but not in the control. The
first two principal components explained 38.2% of the variance in the corn grain samples. Two
compounds, di-tert-butyl dicarbonate and propyl propanoate, were found in the Living Filter corn
grain samples with high match similarity values and may be attributed to the effluent irrigation.

For the leaf PCA, 48.6% of the variance is due to the first and second principal components.
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Compounds of interest tentatively identified in the Living Filter corn leaves include maltol, 4-

propyl benzaldehyde, 1,2,4-triazole, and hexanamide. The first two principal components

explained 45.3% of the variance in the corn root samples. Compounds that characterize the

Living Filter roots include the tentatively identified analytes dinocap, 3-caren-10-al, 2,3-

octanedione, and the chloro-dimethyl-benzotriazole isomers. Overall, the PCA was utilized to

determine factors that show variation between the Living Filter and control samples due to the

irrigation with treated wastewater.
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Figure 5-3: PCA score plots of the soil, corn grain, corn leaves, and corn root samples. Dim1 and
Dim2 correspond to the first and second principal component. LFSF stands for Living Filter
spray field samples.
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5.5 Conclusion

The findings from this study demonstrate how a combination of targeted and non-targeted
analysis methods can be utilized with GCxGC-TOFMS to determine the presence of
contaminants in soil and corn crops. Herbicides, phthalates, and PAHs were detected in samples
from the Living Filter and control site. The impact from treated wastewater irrigation was shown
through the higher concentrations of many wastewater sourced contaminants in the Living Filter
samples. In the non-targeted analysis, distinct clustering was seen between the Living Filter and
control samples, as well as additional soil clustering by depth. The presence of chloromethyl-
benzotriazoles in soil and corn crop samples was of particular interest because they are prevalent
in the effluent irrigation water. 20 new monochloro and dichloro-dimethyl-benzotriazole
compounds were tentatively identified and semi-quantified in the effluent and Living Filter soil
samples. Further examination of the corn roots demonstrates uptake of the eight most abundant
benzotriazoles detected in the soils. These compounds have not been characterized in soil or crop
samples previously and further research should be done to determine their exact identity and

transport through the environment.
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Chapter 6

The Combination of Spectroscopy, Microscopy, and Profilometry Methods for
the Physical and Chemical Characterization of Environmentally Relevant

Microplastics
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6.1 Abstract

Environmental pollution related to microplastics (MPS) is a growing concern across the
globe. In addition to the primary concern of MP levels in the environment, they have also been
known to sorb a variety of organic materials, concentrating and transporting them into the
environment and aquatic life. The focus of this study was to evaluate differences in surface
characteristics and chemical composition of neat MP standards relative to MP samples extracted
from personal care products and wastewater effluent. MPs were first chemically characterized
using Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectroscopy (FT-IR) to
determine their composition, then physically characterized using Scanning Electron Microscopy
(SEM) and Optical Profilometry (OP). Under SEM and OP imaging, neat polyethylene MP
standards appeared uniform in spherical shape with a smooth surface displaying shallow pitting.
MPs extracted from personal care products were characterized as polyethylene and many of
these samples displayed a significant distortion from the spherical shape of the neat standards
with crevices ranging at various depths. MPs extracted from a Waste Water Treatment Plant
(WWTP) effluent tank were characterized as polyethylene and other unidentified plastic
polymers. Through SEM and OP, the WWTP effluent extracted MPs were seen to have similar
surface characteristics to the personal care product extracted spherical MPs, demonstrating deep
pits and large flat top peaks. OP was used to quantitatively compare the MPs by three surface
roughness parameters. This proof-of-concept study is the first to utilize FT-IR, SEM and OP for
the surface characterization of MP samples. Combining these three methods allows for the
chemical identification of MPs along with the qualitative and quantitative comparison of their
surface characteristics, demonstrating that MPs extracted from personal care products and

WWTP effluent differ greatly from neat microsphere standards of similar sizes.
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6.2 Introduction

Contamination of the marine environment with microplastic (MP) debris has become a
growing concern among citizens, industries and scientists across the globe. As the world grows
increasingly dependent on plastic, the presence of marine MP pollution continues to rise. Today,
plastic pollution can be found in the water everywhere from remote tropical islands to arctic
regions® and it is estimated that 92% of all global marine plastic particles can be attributed to
MPs.2 The most common plastic materials found in marine pollution are polyethylene, polyvinyl
chloride and polyethylene terephthalate.® MPs are categorized by both their size, typically
recognized as being less than 5 mm?*, and their origin. Primary MPs include the original materials
used to manufacture plastic products and additives for abrasion in personal care products, such as
skin cleansing soaps and toothpastes.  Secondary MPs occur from fragmentation and
degradation of larger plastics, including car tires and bottles.®> Wastewater treatment plants
(WWTP) are one source of MPs in the environment, through both the discharge of effluent
waters and removal or reuse of dried sludge. Murphy et. al.® found that a secondary WWTP is
about 98% effective at removing MPs, but plants are still a significant contributor of MPs to
receiving waters because of the large volumes of influent water containing MPs. Additionally,
WWTP sludge is often reused in agricultural applications. This process contributes to MPs in the
environment, as one study found that dry sludge contains >4000 MPs /kg. ’

Due to their large surface-area-to-volume ratio and hydrophobicity, MPs can sorb and
concentrate various organic contaminants such as pharmaceuticals and personal care products
(PPCPs)8, and they may even act as a vector for the spread of pathogens.® MPs also contain a
range of additives from the manufacturing process such as polybrominated diphenyl ethers

(PBDES)*. MPs may act as carriers for these organic contaminants into the environment and
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increasing research has shown that they can facilitate the bioaccumulation of these chemicals in
various aquatic animals. >1!

For research studies, MPs are most frequently collected on marine beaches, but they are
also collected from freshwater sources, sediments, soils and aquatic life.'> There is not a
common set of methods for the extraction of MPs from these sources but recent review papers
have been written to gather methods and standardize them.3* For the identification and
characterization of MPs a variety of methods are employed which can be categorized into three
groups: microscopy, spectroscopy and thermal degradation analysis.** Scanning Electron
Microscopy (SEM) is commonly used to image MPs, and when combined with Energy
Dispersive X-ray Spectroscopy (EDS), elemental composition of the particle can be obtained.
For the identification of the MP, both Fourier Transform Infrared Spectroscopy (FT-IR) and
Raman Spectroscopy are often utilized to differentiate between types of plastic polymers.
Combining SEM/EDS with FT-IR or Raman allows for both the characterization and
identification of MPs extracted from environmentally relevant samples, such as mussels.® Both
micro-near IR and focal plane array based micro FT-IR have been employed to identify and
quantify MPs in table salts and wastewater.'®1’ Pyrolysis GC-MS is a less common technique for
MP analysis, but it does offer more information about the chemical profile and degradation
products of MPs and it has been used successfully in complex environmental samples.!81°

Despite the wide array of characterization methods frequently used for MP’s analysis,
none offer quantitative information on the surface profile. Optical profilers are interference
microscopes that measure the 3D profile of a surface, giving information on the topography and
surface roughness of a sample.?® Optical Profilometry (OP) is a non-contact and non-destructive

technique with vertical resolution in the angstrom scale and lateral resolution in the low micron
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level.?! MPs <1mm in size are commonly found in marine and sediment samples, but their small
size makes them difficult to collect and analyze by traditional methods.?? OP could provide
quantitative information on the surface characteristics of MPs including surface area roughness
which may be related to the sorption abilities of MPs. The surface morphology of weathered PE
MPs has been related to the increased distribution coefficient of phenanthrene into the MPs.?
The high vertical and lateral resolution makes this technique especially useful for the
characterization of very small MP particles.

In this study, multiple methods are employed to identify and characterize neat
polyethylene MP standards, MP particles extracted from personal care products and MPs
extracted from the post-treatment effluent waters at a WWTP. The MPs are identified with FT-
IR and were qualitatively characterized and sized using SEM. In addition, to our knowledge, this
is the first application of OP to the surface characterization and quantification of MP average
surface roughness. OP is used to quantitatively show minute differences in the MP samples that
cannot be seen using SEM, and it is likely that surface morphology/roughness may play an
important role in the rates and amounts of sorbed/desorbed chemicals that can be transported on
these particles. The combination of spectroscopy, microscopy and profilometry methods give a
more complete picture of MP samples representing three stages of their journey into the

environment.
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6.3 Materials and Methods
6.3.1 Polymer Standards

Polymer standards used to provide reference infrared spectra of common MPs were
obtained from Scientific Polymer Products Inc. The Polymer Sample Kit 205 contained: 034
Nylon 6 (polycaprolactam), 033 Nylon 6/6 (polyhexamethylene adipamide), 385 Polyamide
Resin, 041-03 Polyethylene high density, 130 Polypropylene chlorinated, 039A Polystyrene and
038 Polyvinyl chloride. Standards from this kit will be referred to as reference polymers. The
following polyethylene standards were obtained from Cospheric LLC Innovations in
Microtechnology (Santa Barbara, CA, USA) to serve as representative neat polyethylene
standards before addition into personal care products®: ORGPMS-1.00 425-500um Orange
Polyethylene Microspheres, SiO2MS-1.67 2-19um Polydisperse Silica Microspheres, CPMS-
0.96 10-106um Clear Polyethylene Microspheres, WPMS-1.35 10-90um White Polyethylene
Microspheres and BLPMS-1.08 106-125um Blue Polyethylene Microspheres. The microspheres

samples from Cospheric LLC will be referred to as microsphere standards.

6.3.2 Extraction of MPs from Personal Care Products

Two face wash products, two toothpaste products and one hand soap product were
selected for the extraction process. Approximately ten grams of each sample was measured into a
1000 mL glass beaker, which was filled with nanopure water (Millipore Milli-Q Academic
Ultrapure Water System) and heated while stirring (ca. 1 hr) until the solution was free of other
product components and appeared to be homogenized. The MP beads were then extracted as the
solution was poured through a sieve stack consisting of a Fisher Scientific Company No. 20 (850

pum), Fisher Scientific Company No. 40 (425um), Fisher Scientific Company No. 100 (150um)
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and a VWR Scientific No. 200 (75 pum) and rinsed with deionized water, methanol and acetone
and left to dry. This entire method was also applied to the orange and blue neat polyethylene
standards to observe and compare if any differences in surface characteristics could be associated

with the extraction and rinsing process.

6.3.3 Extraction of MPs from WWTP

Field samples were collected through 24-hour flow of the effluent water via a hose into a
425 um sieve which was suspended over the effluent tank. Samples were only kept if no
obstructions occurred, such as sieve clogging or irregular flow through the hose. After removal,
the sieve was dried and inverted onto an aluminum sheet. Once all loose particulate matter was
removed, the sieve was scraped with a sharp pin to remove any remaining sample before the
contents were transferred to a glass scintillation vial for wet peroxide oxidation.?*?> This method
is adapted from the NOAA Marine Debris Program method for the extraction of MPs from water

samples because MPs are resistant to wet peroxide oxidation.?

6.3.4 Analysis of MP Samples Using FTIR

Infrared spectra of larger polymer standards were determined using a Nicolet 6700 FTIR
(ThermoFisher Scientific, Waltham, MA) with an Attenuated Total Reflectance (ATR) accessory
attachment. A single polymer pellet was placed directly onto the diamond crystal surface,
anchored with the ATR tip and spectra were acquired using integration of 64 scans. For the
smaller particle Scientific Polymer Products Inc., Cospheric Innovations in Microtechnology and
personal care product samples, a small amount of polymer sample was applied directly onto the
crystal surface, anchored with the ATR tip and analyzed using an integration of 256 scans.
Samples and standards less than 500um in diameter were also analyzed using a Bruker Hyperion

3000 FTIR-ATR (Bruker, Billerica, MA) microscope with the 20x objective and a Ge crystal.
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The samples were analyzed over 400 scans and a FT phase resolution of 32, the analysis
software was Opus version 7.5 (Bruker, Billerica, MA). All samples analyzed on this instrument
were background subtracted to remove the peaks attributed to atmospheric interferences, such as
carbon dioxide. To improve stabilization upon contact with the ATR adaptor, samples were
prepared by applying a thin layer of epoxy to a glass slide and mounting a small number of MP
particles to the slide. The MPs were labeled with their origin and a particle number. The epoxy
on the glass slide was also analyzed and subtracted from samples to ensure the sample spectra
were not complicated by the epoxy. Ten effluent wastewater sample particles were analyzed,
ranging in color from lavender to white and all resembling plastic polymers based on visual
inspection. Since the contact with the ATR adapter on the microscope would often crush the

mounted particles, these samples were first analyzed using OP as it is a non-contact technique.

6.3.5 Analysis of MP Samples Using FESEM

Imaging was conducted using a FEI Quanta 2003D FIB/SEM (FEI, Hillsboro, OR) by
mounting a small number of particles onto an SEM stub with double sided carbon tape. The
diameters of individual MP particles were measured using XT DOCU (FEI, Hillsboro, OR)
software. The method for FESEM analysis was first developed using commercial standards of
MPs then applied to samples extracted from personal care products as well as the WWTP

effluent.

6.3.6 Analysis of MP Samples Using OP

A Zygo NexView 3D optical surface profiler with Mx software (Zygo, Middlefield, CT)
was used to analyze samples by OP. The blue and orange polyethylene standards were selected

for initial analysis and method optimization due to their uniform size, appearance and similarity
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to extracted samples. Glass slides with mounted neat polyethylene standards and field sample
particles mentioned above were used for this analysis. Instrumental parameters included the use
of a 20x objective, Coherence Scanning Interferometry (CSI) rough surface measure mode with
high z-resolution and signal oversampling. When analyzing effluent water extracted samples,
specific epoxy mounted particles were chosen based on visual inspection and similarity to plastic
particle appearance. For quantitative analysis, data was analyzed using the Mx software to obtain
the average surface roughness (Sa), the root mean square roughness (Sq) and the maximum
height of the areal surface (Sz).2” The Sa, Sq and Sz values are determined over the entire 3D
surface. The Sa, Sq and Sz values were determined using the following sample processing
protocol: 1.) A circular mask was applied to all samples to focus on the MP of interest and
remove the unwanted background. 2.) To account for any dropped pixels during image
collection, all voids were data filled. 3.) A “true sphere form remove” was completed to
normalize all samples based on their spherical curvature, which results in a flat image. 4.) A
Gaussian Spline Fixed low pass filter with a cutoff period mode was also applied. The short
period was set according to the size of the MP analyzed: 5 um for the blue microsphere
standards, 10 um for the orange microsphere standards and the orange facewash particles, and 7

pum for the yellow facewash particles.
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6.4 Results and Discussion
6.4.1 Analysis of MP Samples Using FTIR

Using the reference polymer Kit, IR spectra were obtained for each of the common types
of MPs found in the environment, including high density polyethylene, polystyrene and
polyvinyl chloride. IR spectra were collected from the microsphere standards including the silica,
orange polyethylene and blue polyethylene standards since these were the most likely to
represent personal care product and effluent extracted samples (Figure 6-1). The polyethylene
spectra exhibited C-H stretching peaks at 2913 cm™ and 2846 cm™, CH. vibration at 1469 cm™
and 1461 cm™, and CH2 skeletal vibration at 729 cm™, commonly seen in a polyethylene spectra.
The silica microsphere IR spectra showed a large Si-O stretching peak at 1063 cm™ and a smaller
Si stretching peak at 796 cm™,

IR spectra were then collected for MPs extracted from all personal care product samples
and compared to the spectra of both the reference polymers and the polyethylene microsphere
standards. All of the MPs extracted from the personal care products were identified as
polyethylene, matching the description on the product ingredients lists from the supplier. Two of
the particles analyzed from the WWTP effluent samples were characterized as polyethylene
when compared to the microsphere standards spectra analyzed on the FT-IR microscope. One
particle was tentatively identified as a polymer with OH groups due to the presence of peaks
from OH stretching at 3256 cm™, CH stretching at 2916 cm™ and 2847 cm®, C=0 stretching at
1666 cm™, and CH2 bending at 1475 cm™, although the spectra did not match any of the
reference polymers.? These spectra are detailed in figure 6-2. Additional peaks present in the
spectra were found to correspond to the epoxy adhesive, as well as other organic components

that could be present on the particles as additives or from sorption at the WWTP. The spectra of
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two additional particles was similar to other plastic polymers but the identity could not be
confirmed due to a lack of additional reference materials. Using an FT-IR Microscope is an
effective way to determine the identity of a MP as long as a reference material is present,
although this method is slow as every MP needs to be analyzed individually and it can be

difficult to get the ATR tip into contact with the MP without crushing it.
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Figure 6-1: (A.) FTIR Spectra Cospheric Standard 106-125um Blue Polyethylene Microspheres
(B.) FTIR Spectra Cospheric Standard 425-500um Orange Polyethylene Microspheres (C.)
FTIR Spectra Cospheric Standard 2-19um Polydisperse Silica Microspheres



153

Figure 6-2: FTIR Microscope Spectra of WWTP Polyethylene Samples (A.) Sphere 01-
Polyethylene (B.) Sphere 02- Plastic Polymer with OH group (C.) Sphere 04- Polyethylene (D.)
Epoxy Adhesive. The wavenumber scale differs from figure 6-1 spectra as the samples were
analyzed on different instruments

6.4.2 Analysis of MP Samples Using FESEM

SEM images of the neat polyethylene microsphere standards show that they were uniform
in shape and size, respectively, displaying a spherical, smooth surface with shallow pitting
throughout the particle. Some particles also displayed additional, smaller spherical particles

aggregated to their surface. SEM images are shown in Figure 6-3.
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200.0 ym 200.0 um 50.0 pm

500.0 pm 50.0 pm 2.0 mm 200.0 pm

Figure 6-3: SEM images of Cospheric microsphere polyethylene standards (A.) 10-90um
particles, (B.) 10-90um Individual Particle, (C.) 10-160um particles, (D.) 10-160um Individual
Particle, (E.) 106-125um particles, (F.) 106-125um Individual Particle, (G.) 425-500um particles
, (H.) 425-500um Individual Particle.

SEM imaging of the personal care products samples revealed that most of the MPs from
these products are not spherical but are distorted, seemingly random-shaped particles. This
finding is consistent with the literature. One study cites the composition of MPs found up- and
downstream of WWTPs were 90% irregular shaped fragments and fibers.?® The two toothpaste
samples contained blue polyethylene particles ranging in size from 50-400 um with no
uniformity in size or shape, thus the 50-um represents a smallest dimension of an irregular
particle and is therefore caught in the larger mesh size sieve.. These particles most resembled
flakes and were the smallest MP found in personal care products. The particles in the hand soap
and face wash samples ranged in size from 250-800 um and were generally similar to the
toothpaste samples in their non-spherical shapes. It is unknown why these MPs are so different in

shape from the microsphere standards, but it cannot be attributed to the sample extraction
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process as the microsphere standards were taken through the same process and remained
unchanged. One of the face wash samples contained 3 different colors and sizes of particles,
although they were all characterized as polyethylene by FT-IR. The yellow and orange MPs from
this facewash appeared uniform and spherical, while the white MPs were like the other irregular
shaped personal care product extracted samples. By observation with SEM alone, these orange
and yellow spherical MPs appear similar to the microsphere standards. The SEM offers
information on the appearance of the MPs but it does not allow for quantitative analysis to
determine the difference between personal care product extracted samples and microsphere
standards. The WWTP effluent extracted samples were not analyzed by SEM because they were
mounted on the glass slides for analysis by OP and FT-IR and could not be transitioned onto

carbon tape without effecting the surface of the MP.

6.4.3 Analysis of MP Samples Using OP

As this is a proof of concept study, 4 replicates of each sample type were analyzed by OP
to demonstrate that this method can be applied to the quantitative characterization of MPs. The
blue 106-125um and orange 425-500um size microsphere standards were analyzed by OP for the
microsphere standards because these are the sizes relevant to the extracted samples. All other
samples were analyzed by OP, including the two WWTP extracted polyethylene MPs. Figure 6-4
displays the OP images for many of the multiple sample types. Figures 6-4A to F are all
spherical and are representative of the samples quantified with OP, but the facewash and
toothpaste samples in Figures 6-4G and 4H were not spherical thus not quantified with OP. In
agreement with the SEM data, most of the personal care product samples are extremely
deformed and do not resemble the spherical standards. These deformed MPs were not

quantitatively compared to the spherical samples because they cannot be processed as a sphere in
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the software thus their Sa, Sq and Sz values would not be comparable. As the OP images are 3D,
they offer length, width and height information for the MPs and display the size differences as a
heat map. This makes it easier to compare the surface of the very misshapen samples especially
when there are large peaks and valleys. The spherical particles were processed for quantitative
evaluation of their surface roughness. Table 6-1 details the average surface roughness
information from the OP analysis of the standards and extracted sample MPs as well as the
standard deviations for these values.

The 3D surface roughness values, Sa and Sq, of the microsphere and face wash samples
were low, signifying that the MPs are smooth. The blue microsphere standards were the
smoothest, while the orange microsphere standards were more similar in roughness and size to
the extracted face wash samples. The yellow face wash MPs were the most notably deformed,
with one being especially rough causing the average values to rise. The Sa and Sq roughness
values do not display any great differences between microsphere standards and face wash
extracted samples but the Sz values are more revealing. For these samples, the Sz values either
represent the greatest pitting or the highest peak on the MP surface. The face wash extracted
samples display greater average Sz values than the microsphere standards which do not show
large peaks or valleys. When analyzing the OP images, the large pits and peaks on the face wash
extracted samples could be seen upon visual inspection. The standard deviations for the Sz and
diameter values of the face wash extracted samples were also much greater than the microsphere
standards, meaning they were less uniform in Sz and in size as well. Because samples of the neat
MPs used in the face wash were not available, these differences cannot necessarily be attributed
to the face wash manufacturing process, though this is the suspected cause of the spherical MP

deformities.
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Figure 6-4: Optical Profilometry (A.) 425-500um Orange Microsphere bead 1, (B.) 106-125um
Blue Microsphere bead 3, (C.) Face wash extracted yellow bead 2, (D.) Face wash extracted
orange bead 1 (E.) WWTP extracted bead 1, (F.)WWTP extracted bead 2, (G.) Face wash
extracted deformed bead 2, (H.) Toothpaste extracted deformed bead 11.
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Table 6-1: Average and standard deviation values for the Sa, Sq, Sz and diameter of the blue and
orange microsphere standards and the spherical MPs from the face wash.

Blue Orange Orange Face Wash Yellow Face Wash
) Microspheres MPs MPs
Microspheres
n=4 Avg. St. Dev. | Avg. St. Dev. Avg. St. Dev. Avg. St. Dev.
Sa (um) 0.426 0.5 2.726 1.8 1.334 0.7 5.474 5.7
Sq (um) 0.618 0.6 3.468 2.0 1.907 1.0 7.775 6.7
Sz (um) 5.905 33 31.479 8.4 48.241 39.2 56.480 29.9
Diameter (um) | 112.27 6.1 468.12 18.8 711.21 89.3 375.41 42.4

Two MP particles extracted from the WWTP were spherical and identified as
polyethylene using FT-IR, with the OP data displayed in Table 6-2. The Sa and Sq values for
these samples do not reveal a large difference in surface roughness compared to the face wash
extracted samples signifying that the WWTP process does not greatly affect the average surface
roughness. The Sz values for the WWTP samples were much higher than the average of the
microsphere standards and the face wash extracted samples, signifying that the WWTP samples
have deeper pits and higher peaks than the other samples. Figure 6-4E shows the WWTP sample
bead 1. This MP is slightly deformed but still spherical, with the elevated feature along one side
being the reason for the large Sz value. The second WWTP polyethylene MP is shown in Figure
6-4F. This MP shows a large ridge through the middle as well as two deep pits that cannot be
seen in the image. The WWTP samples were 415.47 um and 382.04 um in diameter, similar in
size to the yellow face wash extracted MP and the orange microsphere standard. The deformities
seen on the WWTP extracted samples may have been caused by interactions in the WWTP
process, but more samples would need to be analyzed to determine the effect of the wastewater

treatment process on the MPs surfaces.
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Table 6-2: Sa, Sq, Sz and diameter values of the WWTP MP obtained by OP.

WWTP Effluent Sample Bead 1 WWTP Effluent Sample Bead 2
Sa (um) 2.954 4.840
Sqg (um) 6.383 6.798
Sz (um) 86.57 91.597
Diameter (ium) 415.47 382.04

The results presented indicate that the overall surface morphology of MPs shows
measurable changes from commercial standards to those extracted from personal care products
and WWTP effluent. The greatest change between commercial and extracted MPs is in the Sz
values and the lack of uniformity in the extracted samples. OP is a valuable tool for both the
qualitative and quantitative characterization of MPs surfaces. The small changes in surface
characteristics of MPs may have impacts on the sorption and desorption of contaminants while
MPs are in the environment. Studies have shown that environmental weathering changes the
surface of MPs*® making them more cracked, brittle and crystalline than non-weathered
reference plastics. The increase in roughness, as a result of weathering, likely enhances the MP’s
ability to sorb organic contaminants.! This increase in roughness is also very likely accompanied
by an increase in surface area, though this was not explicitly measured in this study. Limited
research has been done on the connection between weathering and altered sorption capabilities of
MPs, but the methods demonstrated here would be useful for the purpose of this lab study
because the morphological effects of weathering could be quantified. It has been questioned

whether MPs found in the field can be compared to data generated from those used in laboratory
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experiments.3! Recent MP sorption studies utilize commercially available plastic microspheres to
model the uptake of organic contaminants by the MP.32-34 This study demonstrates that
commercial MPs vary in shape and surface characteristics from personal care product and

WWTP extracted MPs.

6.5 Conclusion

As MPs are being increasingly found in freshwater sources and aquatic animals, the need
to characterize and identify the plastic contamination is important. In this proof of concept study,
three methods, FT-IR, SEM and OP, were utilized together for the identification and surface
characterization of MP samples. Using commercial MP standards, reference IR spectra of
common MP materials were obtained for comparison to extracted samples. Spherical MP
samples were analyzed by OP and processed to obtain Sa, Sq, Sz and diameter values. Under
SEM and OP imaging, neat polyethylene microsphere standards appeared uniform in spherical
shape with a smooth surface displaying shallow pitting. MPs were successfully extracted from a
variety of personal care products, and characterized as polyethylene using FTIR. Under SEM and
OP, many of these samples displayed a distortion from the spherical shape of the neat
microsphere standards. The polyethylene microsphere standards were taken through the same
extraction procedure as the personal care product samples to confirm that the extraction method
was not the cause for the observed distortion. The surface roughness and sizes of the extracted
MPs samples were less uniform and some samples displayed deep pitting that was not observed
in the microsphere standards. MPs were also successfully extracted from a WWTP effluent tank
and two samples were characterized to be polyethylene. OP was utilized to confirm that the

WWTP extracted polyethylene samples displayed similar surface distortions to the personal care
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product spherical MPs. WWTP extracted MPs displayed similar surface roughness values
compared to personal care product samples, but they also showed more interesting surface
characteristics such as deep pitting and long flat top peaks. Because it is unknown what the MPs
looked like before addition to the personal care products and WWTP, we cannot determine if
these processes are the reason for the observed surface distortions. However, these surface
characteristic changes may significantly affect the sorption and desorption capabilities of MP
spheres. Based upon the reported surface morphology differences between the microsphere
standards and the personal care product and WWTP extracted MPs, it is concluded that the
commercial standards significantly vary from the extracted MPs. Future MP laboratory studies

should take this into consideration when designing experiments.
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Chapter 7

Summary and Conclusions
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The predominant goal of this dissertation was to characterize CECs in wastewater and
wastewater impacted environmental matrices. This goal was accomplished by utilizing a variety
of analytical methods, including advanced separation and surface analysis techniques. The Penn
State University Park WWTP and Living Filter treated wastewater irrigation site were the model
research systems studied. Important CECs in this study were identified at the point of use and
followed through the wastewater treatment process to their environmental fate and transport.
This study expanded the understanding of the reactions of benzotriazole corrosion inhibitors in
wastewater treatment and chlorine disinfection, presenting transformation products previously
unidentified in the literature. This research showed the importance of using both targeted and
non-targeted methods for the discovery of CECs in complex matrices. These methods are
necessary in order to fully characterize environmental samples and determine contaminants of
concern for further study on the potential negative impacts to aquatic life and human health. New

CECs have the potential for future U.S. EPA monitoring and eventual regulation.

In Chapter 2, GCxGC-TOFMS was used to investigate CECs in the Penn State
University Park WWTP influent, effluent, and spray field irrigation water. A new set of
benzotriazole compounds were detected and tentatively identified as chloromethyl
transformation products of methyl-benzotriazoles in the sodium hypochlorite disinfection
process. This study was the first to report the presence and tentative identification of
chloromethyl-benzotriazoles in wastewater samples. The non-targeted characterization by
GCxGC-TOFMS allowed for the detection of these new contaminants. This was followed by
targeted one-dimensional analysis for the benzotriazole isomers quantification in all sample
types revealing that the concentration of chloromethyl-benzotriazoles increased from influent to

effluent samples. The sodium hypochlorite disinfection process was mimicked in a lab scale
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synthesis to confirm the production of transformation products from methyl-benzotriazoles. The
benzotriazoles were not detected in an analysis of the groundwater below the Living Filter
leading to the study of soil and crops at the Living Filter site. The research presented in Chapter
2 demonstrates the non-targeted to targeted work flow for the detection and characterization of

CECs in environmentally relevant samples.

Chapters 3 and 4 evaluate two extraction methods for their application to a broad range of
contaminants in wastewater with GCxGC-TOFMS. LLE, the traditional, solvent intensive, and
lengthy method, was compared to SBSE, a sorbent based microextraction method. Chapter 3
investigated these methods for the extraction of multiclass EPA priority pollutants in the Penn
State University Park WWTP samples. Results demonstrate that LLE was more useful for the
quantitative recovery of a broader range of compounds but SBSE is more effective for the non-
target analysis of trace analytes in water. The main disadvantage of SBSE was the matrix effects,
leading to the strong suppression of PAHs and other non-polar compounds. In Chapter 4, the
same methods were evaluated for their application to CECs in the Bellefonte municipal WWTP
and surface water downstream of the WWTP discharge site. 32 CECs were characterized in
wastewater and surface water samples. Many of the contaminants in the surface water could be
traced back to the WWTP as their source or runoff from agricultural processes. The
benzotriazole compounds in the Penn State wastewater samples were not detected in the
Bellefonte wastewater. The results from these studies highlight the differences and similarities
between wastewater from different locations as well as the importance of effective sample

preparation methodologies for CEC analysis by GCxGC-TOFMS.

Chapter 5 presented an investigation into the fate and transport of contaminants from the

Penn State WWTP to the Living Filter. The matrices investigated were soil at two depths, as well
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as corn grain, roots, and leaves. Control samples were also taken and analyzed to determine the
impact of treated wastewater irrigation on the Living Filter samples. Priority pollutants,
including herbicides, PAHs, and phthalates were detected in all of the samples, although many of
the contaminants were at higher concentrations in the Living Filter samples. The benzotriazole
isomers characterized in Chapter 2 were not detected in any of the samples, but new monochloro
and dichloro-dimethyl-benzotriazole isomers were tentatively identified in the Living Filter soil
samples. Some of these new contaminants were also taken up into the roots, however they were
not detected in the corn grain or leaf samples. This is the first study to characterize these new
benzotriazole isomers in wastewater or wastewater impacted samples. Non-targeted analysis
using PCA was also conducted to demonstrate the chemical differences between the samples
from the Living Filter and the control site. Clear clustering between the Living Filter and control
groups were seen for each sample type as well as additional clustering for the soil based on
sampled depth. This research demonstrates the importance of non-targeted analysis for the

discovery of CECs in a variety of sample types.

Lastly, in Chapter 6 the surface characteristics of environmentally relevant MPs were
examined. The identities, shapes, and surface roughness of neat MP standards as well as MPs
extracted from personal care products and wastewater effluent were characterized using FT-IR,
SEM, and OP. This is the first study combining these methods for the qualitative and quantitative
surface analysis of MPs representative of samples taken at three steps in their lifecycle:
production, presence in personal care product, and post-treatment at a WWTP. Results reveal
surface roughness changes in the MPs from each sample type. Increased surface roughness is
predicted to be correlated with increased sorption of contaminants, a major concern for the

presence of MPs in the environment.
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All of these studies provide support for the conclusion that non-targeted methods are
needed to fully characterize CECs in environmentally relevant matrices. The analysis of
wastewater samples in these studies alone has led to the tentative identification of new
chlorinated benzotriazole compounds, previously unidentified in similar samples. It is predicted
that these compounds are not exclusive to the Penn State University Park wastewater and further
non-targeted analysis of other wastewater samples will reveal their presence and possibly other
transformation products. Routine environmental monitoring procedures presented and followed
by regulatory agencies are targeted methods that overlook new CECs not included in the target
list. The presence of CECs in the environment is concerning because these compounds do not
exist alone, but as part of complex mixtures of many contaminants. To this day, the toxicological
and health effects due to their presence and synergistic effects are not well known. Further
considerations of CECs, and especially the chlorinated benzotriazoles presented in this study,

need to be employed to understand the potential human and environmental health effects.

The research presented throughout this dissertation provides a characterization of CECs
in wastewater influent and effluent as well as wastewater impacted environmental matrices.
However, this study does not provide a complete analysis of the fate and transport of many CECs
and leaves many areas of research for further investigation. There are three main areas for
continued examination of CECs presented here: (1) further characterization with identification
and confirmation of the chlorinated benzotriazole transformation products, (2) an expansion of
the non-targeted analysis using GCxGC-HRTOFMS for the accurate mass information of CECs
in all samples, (3) and a plant uptake, translocation, and phytotransformation study for the CECs

in the treated wastewater irrigated crops, including corn, wheat and sorghum, at the Living Filter.
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