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ABSTRACT

Personal care products (PCPs) investigated are utilized in great quantity in Taiwan
and had been detected through discrete samples ubiquitously. Nitrated and oxygenated
polycyclic aromatic hydrocarbons (NPAHs and OPAHs) possess high mutagenicity and
carcinogenicity, and adsorb to air particulates through atmospheric deposition entering
the aquatic environment.

Polar organic chemical integrative samplers (POCIS) is an in-situ continuous
passive sampling methods that utilize sorbents to accumulate analytes over weeks to
months. Continuous low-level aquatic monitoring (C.L.A.M.) sampler is a submersible
continuous sampler that draws water through ordinary solid-phase extraction disk over
about 24 hours. Compared to discrete sample that provide information only at the
sampling instant, both samplers provide time-weighted average (TWA) concentration of
analytes in water, and increase the probability of analyte concentrations to be above the
laboratory detection limits.

In this study, calibration system was set up to evaluate whether the 13 PCPs and 5
NPAH/OPAHs were suitable for POCIS and C.L.A.M. sampling. These evaluation
results were used to determine the concentration of target analytes in Kee-Lung river,
and the sampling results were compared with discrete sampling. Ten PCP compounds
were suitable for quantitation and three PCPs were only allowed for qualitative results
in POCIS; NPAHs/OPAHs were not suitable for POCIS sampling due to their no or low
uptake. Almost all analytes can be sampled by C.L.A.M. (except benzophenone) and
grab sampling. The results of field deployment showed that the concentrations and
detected number of analytes in grabbed were in agreement with those in POCIS samples.

C.L.A.M. may detect more analytes due to the larger passed volume of river water, but
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the detected concentrations were smaller than other two sampling methods after
normalization.

The filters in C.L.A.M. may be clogged in river environment with large particles
and high turbidity, causing unstable flow rate. The extracted disk may be dried and wet
repeatedly during the sampling period to make further analysis difficult. The
modifications of replacement of original disk to a two-stage filter assembly need further

improvements and field deployments to accommodate to river environment.

Key words : Nitrated and oxygenated polycyclic aromatic hydrocarbons; sampling rates,

sampling method; personal care products; performance reference compounds
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Chapter 1 Introduction

1.1 Personal care products and nitrated/oxygenated

polycyclic aromatic hydrocarbons

Personal care products (PCPs) generally refer to product components that are used
by individuals for health care or cosmetic reasons, such as non-prescriptive drugs,
cosmetics, sun-screen products, preservatives and fragrances. PCPs represent a diverse
group of polar organic chemicals that may affect certain physiological functions in
certain pathways. These compounds are concerned because they are used in high
amount, and also pass through wastewater treatment and enter the aquatic environment.
Some PCPs display persistent and bioaccumulative ability; others have short half-life,
but their continual discharge into the environment may allow them to exhibit similar
exposure potential. Although most of the main biological functions of PCPs are known,
there might be unpredicted and non-targeted side effects. The risks may lie on the
low-level, chronic exposure and the subtle effects may not be prominent from the
beginning [1].

Analgesics, such as acetaminophen, ketoprofen, naproxen and ibuprofen have
widely been used due to easy access and have been ubiquitously found in surface
water[2-5]. High water solubility and relatively low elimination from wastewater
treatment, along with large amount of use cause them to enter freshwater system [2, 6].
The concentrations detected from river water are from few to thousands of ng/L [3, 4].

Caffeine is a common food ingredient for beverages and food products, and is used
as a stimulant in medicine for influenza and anti-flammatory drugs. It has prominently

been detected in surface water, the concentration detected may be up to 29.1-786 ng/L
1



in China, 506 ng/L in Taiwan, 224.8 ng/L in USA[7, 8].

Parabens are esters of para-hydroxybenzoic acid, and all compounds share the
same skeleton with differed ester groups. They are widely used as preservatives in
cosmetics, food products and pharmaceuticals. Parabens are used individually, or in
combination, and the most commonly used parabens are methyl paraben and propyl
paraben [9]. Parabens cause estrogenic responses in vitro and in fish. The risks were low
as the effective concentration was 1000 times more than preliminary measured
concentrations in surface water [10, 11].

UV filters, such as benzophenone and oxybenzone, are added to sunscreen
products to alleviate the damage of sunlight on skin. They also act as stabilizers in
cosmetics, rubber, and plasticizers to prevent polymers from photodegradation [12]. As
UV filters are added to the formulation at mg/g level and the relative products need to
be applied in large quantities on skin, the main sources of discharge are through
washing off the commercial products from the human body directly to the waterbodies
during recreational activities and indirectly to the wastewater treatment plant [13].
Oxybenzone has been frequently reported exhibiting endocrine-disrupting effects in
vitro and in vivo, and has shown adverse effects on reproduction and development in
algae, invertebrates, and fish [14]. The concentrations of UV filters differed a lot by
location, season, and frequency of human recreational activities, ranging from no
detection to hundreds of ng/L [12, 15].

N,N-Diethyl-meta-toluamide (DEET) is the most common active ingredient in
insect repellents, and have been shown to be slightly neurotoxic to aquatic animals [16].
The concentrations reported by several studies are 0-1,292 ng/L inGermany and 119
ng/L in Taiwan [8, 17].

Nitrated and oxygenated polycyclic aromatic hydrocarbons (NPAHs/OPAHs) are
2



derivatives of polycyclic aromatic hydrocarbons (PAHs) modified with nitro and
carbonyl functional groups. These derivatives are formed by direct photolysis of parent
PAHs, and the reaction between PAHs and atmospheric oxidants, such as nitrogen
oxides, ozone, and hydroxyl radicals. They may also come from emissions from diesel
engines and incomplete combustion of diesel fuels. NPAHs/OPAHs are less volatile and
more polar than their parent PAHs, leading to partitioning to particulate matters, and
may enter the aquatic environment through atmospheric deposition and surface runoff
[18]. A recent study showed that wastewater treatment plant effluent was an important
source of OPAHs, contributing 83.5% total mass to the receiving river [19].

NPAHs and OPAHs are more mutagenic and carcinogenic than original PAHs [20,
21]. Moreover, OPAHs may cause allergic diseases through generating reactive oxygen
species to cause oxidative stress [22, 23]. Previous studies reported the concentrations
of NPAHs and OPAHs at no detection to 4.6 ng/L in river water; the concentrations of
OPAHs in WWTP effluents are up to 190 ng/L [18, 19, 24, 25]. According to our
previous study, NPAHs and OPAHs were not detected in the water of Kee-Lung river

water through traditional discrete sampling [8].

1.2 Polar organic chemical integrative sampler (POCIS)

Passive samplers are sampling devices that requires no moving parts, electricity or
fuels, and have the capability to sample a relatively longer period to provide
time-weighted average (TWA) concentrations of analytes. The most commonly used
passive samplers for pwater sampling are semipermeable membrane device (SPMD)
and polar organic chemical integrative sampler (POCIS). The criterion for choosing

SPMD or POCIS for sampling is relied on log octanol-water partition coefficient (kow)



of target analytes. Although there is overlapped applicable range between the SPMD
and POCIS: the compounds that are neutral and with kow greater than 3 are more
suitable for SPMD sampling; the analytes with kow smaller than 3 are more applicable
on POCIS. Some compounds that are related to wastewater effluents, such as steroidal
hormones, some analgesics, and other chemicals, have Kow greater than 3, but are
preferentially sampled by POCIS.

POCIS is composed of solid-phase sorbent sandwiched between two
polyethersulfone (PES) membranes (Figure 1(a), p.36). Multiple types of membrane
were tested and PES membrane was chosen for a good combination of high uptake rates
of analytes, durability of long-term sampling, and resistance of biofouling. As PES
membrane is not capable of sealing, the outer two stainless compression rings are used
to seal the sorbent between the membranes; screws and bolts are used to fix the
membranes and rings [26].

There are two kinds of commercialized standard POCIS: pesticide POCIS and
pharmaceutical POCIS. The difference between the two POCIS is the sorbent packed:
pesticide POCIS is constituted by Isolute ENV+ (a hyper-crosslinked hydroxylated
polystyrene-divinylbenzene copolymer) and Ambersorb 1500 or 572 (a carbonaceous
adsorbent) dispersed on neutral porous S-X3 BioBeads; pharmaceutical POCIS uses the
universal sorbent Oasis HLB, that is the copolymer of hydrophlilc N-vinylpyrrolidone
and lipophilic divinylbenzene. For highly polar organic chemicals, such as
pharmaceuticals that have multiple functional groups, their recoveries from pesticide
POCIS may be problematic. As a result, pharmaceutical POCIS is more suitable as the
accumulative medium [27].

POCIS is composed of solid-phase sorbent sandwiched between two

polyethersulfone (PES) membranes. Multiple types of membrane were tested and PES
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membrane was chosen for a good combination of high uptake rates of analytes,
durability of long-term sampling, and resistance of biofouling. As PES membrane is not
capable of sealing, the outer two stainless compression rings are used to seal the sorbent
between the membranes; screws and bolts are used to fix the membranes and rings [26].

POCIS provides time-weighted average (TWA) concentrations of organic
chemicals during the sampling period through their specific sampling rates (Rg)
estimated from the uptake pattern of analytes. The uptake pattern of the chemicals on
the POCIS follows the first-order kinetics theoretically, which is typically a linear
integrative stage at the beginning, and followed by a pseudolinear stage, then finally

reached an equilibrium stage [28], which could be described by equation

k
Cs = Gy (1= e7het) (1)
e

C, is the analyte concentration in the sorbent at time t (ug/g); C, is the TWA
analyte concentration in the water (ug/L); k,, is the uptake rate constant of analyte on

the sorbent (L/g/d); k, is the exchange rate constant of analyte from the sorbent (1/d);
t represents time (d)

The TWA concentration is calculated at the linear stage of POCIS uptake, in which
the elimination rate of the analyte from the sorbent is negligible compared to uptake rate,
that is, k, >> k, . As k., is negligible, Equation (1) could be further simplified, and

k, could be replaced by the relationship between sampling rates, time, and sorbent

quantity.
CyRst
Cs = 2
S MS ( )

R represents sampling rates (L/d); M, is the sorbent mass in POCIS (g)

According to the first-order kinetics, the separation point between linear and



pseudolinear regimes is t; /,, which is the time needed to reach a half of the equilibrium
concentration and the time to reach the end of linear stage. The calculated Rg applied
to the time before t;/,, that is, the integrative stage of POCIS uptake.

In2
tl/Z = k_ (3)

e

The mass transfer of the analytes from bulk water to sorbent includes the
movement from bulk water to the water boundary layer (WBL) outside the PES
membrane, diffusion through the WBL, diffusion through the PES membrane to reach
the sorbent. Each steps have their barrier resistance, and these resistances are assumed
to be additive. Any reduction in resistance causes the sampling rates to increase.

As water moves along the surface, the momentum of water is reduced due to the
surface friction and a water layer is built. The built water layer then further attenuates
the momentum of water at larger distance, building another water layer. This process
repeats and results in a viscous layer with increasing thickness along the surface,
forming a water boundary layer (WBL). The same mechanism applies for the transfer of
analytes from bulk water to the sorbent packed in PES membranes to build a
concentration boundary layer. If the distance is large to reach to a steady-state
concentration, the concentration is not dependent on distance.

The sampling rates differ for various compounds as their properties and their
interaction with PES membrane are different. The sampling rates are also dependent on
whether the uptake is controlled by water boundary layer (WBL) outside the PES
membrane or the PES membrane.

If a compound is under WBL control, the sampling rates could be represented as:

r=(32)4 @



D,, is the diffusion coefficient in water; §,, represents the effective thickness of
the WBL, A is the surface area of the sampler.

If a compound is under membrane control, the mass transfer behavior of the
analyte in the membrane is more complicated. The behavior may be a biphasic transport
with water-filled pores and the membrane matrix. Alvarez et al. suggested that for
molecules with molecular weight smaller than 400 Da, the dominant determinant in
both kinds of transport is K,,,,, the equilibrium membrane-water partition coefficient.

For WBL controlled compounds, any treatment that reduces the resistance of WBL
would cause sampling rates to increase, e.g., increasing flow rate. For membrane
controlled chemicals, the sampling rates are not influenced by changing the flow rate.

Sampling rates are usually obtained by exposing the sampler to a well-defined
calibration system with known and relatively constant concentrations of spiked
compounds. The calculated sampling rates are specific for each compound.

There are four main calibration approaches: static depletion, static renewal,
flow-through system and in-situ calibration. Static depletion and static renewal refer to a
closed system with chemical standards spiked at the beginning or at constant intervals
and have relatively simple operation procedures. Static depletion method is only
suitable for analytes that are not degraded or adsorbed during the calibration period, and
requires unreasonably high initial spiked concentrations (5~10 pg/L). Estimation of
sampling rates of this method is through monitoring decreased concentration of spiked
water with time, and application of positive controls was essential to estimate the
analytes trapping in PES membranes. Static renewal design is to spike chemical
standards over a certain period of time for maintaining the system at relatively constant
concentrations of the chemicals, which is relatively labor-intensive. The flow-through

system is to pass through spiked water of known chemical concentrations with constant
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linear velocity to mimic the real water flow. Lower spiked concentration (usually in
ng/L) is enabled to imitate authentic environmental conditions, but the system consumes
relatively large volumes of water and chemical standards. The above three designs
provide constant laboratory conditions for evaluating the adsorption pattern of POCIS.
In-situ calibration features a calibration device on-site for simulating future field
sampling, and the analytes have to exist in the water originally. Although this system
may provide more accurate sampling rates, it is subject to the fluctuations of chemical
concentrations in water and requires intensive measurements to obtain reliable TWA
analyte concentrations in water. Sampling rates for static renewal, flow-through system,
and in-situ calibration were estimated from measured water concentration and
accumulation in sorbent [28, 29].

Many factors were assessed if they were possible to influence the sampling rates
during the calibration period. As the sampling rate is proportional to the effective
exposure surface area of the device, the optimized surface area and sorbent mass ratio of
a standard POCIS is defined as ~229 cm?/g (sampler diameter: 54 mm, surface area 45.8
cm’, sorbent mass: 200 mg) [30].

Togola et al. showed that the sampling rates obtained on pharmaceuticals under
two different concentrations (0.5 and 5 pg/L) after a 7-day static renewal calibration
procedure were not significantly different [31]. Zhang et al. gained similar results on
endocrine disruptor chemicals (EDCs) under 7 different concentrations (10-1000 ng/L)
from a 10-day flow-through system [30]. Therefore, different spiked analytes
concentration does not significantly influence estimated sampling rates.

The combination of calibration conditions, experimental parameters of water and
R; calculation methods could affect Ry widely [28]. The calibration conditions and

experimental parameters of water include the agitation conditions, temperature, pH,
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salinity, fouling, and exposure matrix.

Agitation conditions are often mimicked by stirring exposure with a stir bar in a
static system or using the flow-through design. Several studies reported that the
sampling rates were higher (under turbulent conditions than those under quiescent or
very low flow rates (0.1 cm/s) conditions. For the effects of different flow rates (> 3-34
cm/s), sampling rates seem to increase by a factor smaller than 2 [32-36]. Most
compounds investigated had higher sampling rates with higher flow rates, suggesting
these compounds were under water boundary layer control; only a few chemicals had no
significant changes on sampling rates, indicating that they are under membrane
control[26]. This phenomenon seemed to be compound-specific, as the more
hydrophobic compounds exhibited the more pronounced effects.

Togola et al. showed that the sampling rates increased with temperature (15°C, 21
C) on pharmaceuticals and EDCs [31]. Li et al. demonstrated that sampling rates of
pharmaceuticals and EDCs increased (< two-fold) as water temperature (5C, 15°C, 25
C) rises [37]. Ly et al. reported the similar trends on pharmaceuticals on increasing
temperature (15°C, 20°C, 25°C)[36]. This nearly two-fold change may be explained by
the predicted 50% increase of diffusion coefficients over a temperature range of 20°C

[26, 29].

Although the pH during the calibration period is usually stable, the change in pH
may affect sampling rates. Li et al. showed that sample rates are maximized when
chemicals are primarily in their neutral form and changes between pH 3-9 were less
than 3-fold for pharmaceuticals and EDCs [38]. Consequently, for acidic chemicals, an
environment at low pH may increase the sampling rates; whereas for basic compounds,

the influence is opposite; as for neutral analytes, the sampling rates are not influenced
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by pH [38].

Harman et al. reported that biofouling on the PES membranes could increase the
sampling rates of alkylphenols, opposite to the effects on SPMDs [39]. To the best of
our knowledge, there were no other groups of chemicals investigated for the effects of
biofouling in POCIS.

Deployment of POCIS sampling may be conducted in various aquatic
environments, and exposure matrix of calibration system may not be the same with the
sampling place. Most sampling made measurements in freshwater systems, such as
rivers, lakes, and groundwater, with a few in marine environment and some near or
inside the wastewater treatment systems. Sampling rates estimated from Milli-Q water
or tap water in laboratory conditions may differ significantly from those obtained from
the matrix [36]. Furthermore, specific considerations should be applied on different
matrix, for example, salinity effects in marine water.

Estimation methods of sampling rates may also influence Rs values. Macleod et al.
adopted a calculation method through only the slope of analyte concentration decrease
over the calibration period. This method required suitable static renewal period and
mass balance investigation of spiked analytes to gain sampling rates [40]. Morin et al.
set up a flow-through system to evaluate if a chemical is suitable for POCIS sampling.
The accumulation patterns were evaluated through fitting concentration factor (CF)
versus time plot to 1¥-order kinetics curve. Concentration factor is defined as the ratio
of chemical standards concentration in sorbent and in water at the measured time. The
accumulative kinetic patterns of uptake are categorized into 4 types: chemicals with
curvilinear or with an inflexion point uptake kinetics are suitable for POCIS sampling;
while random or low (CF < 3.0) patterns are not [41].

The R calculated through laboratory conditions may not represent the real in-situ

10



R; in field sampling; therefore, corrections are preferred using appropriate performance
reference compounds (PRCs). PRCs are used to adjust Ry for alleviating the influences
resulting from chemical fluctuations. The PRC approach is based on the overall uptake
kinetics of both analyte and PRC, and the mass transfer are identical in both directions.
Although this approach is proved to be suitable on SPMDs, it is not easy to find suitable
PRC:s for a POCIS system [29, 42].

PRCs are preloaded in the sorbent before packing and sampling, and the
dissipation rates of the compounds from the sorbent were evaluated and compared the
uptake patterns with corresponding chemicals. Because PCPs represent multi-classes of
compounds, it is unlikely to use a single chemical as the PRC. Consequently,
isotope-labeled standards would be good candidates as PRCs.

Macleod et al. have shown that the measured concentrations in water with
agreement with those using POCIS samples on most detected pharmaceuticals (two sites,
total 13 compounds) [40]. A recent study has demonstrated that the use of POCIS
detected 21 additional pharmaceuticals (total 141 chemicals) than those using grab
samples, while three PCPs were only detected by grab samples [43]. Zenobio et al.
found that POCIS detected some relatively hydrophobic (kow > 4) compounds that were
not detected in grab samples. These results suggested that POCIS may detect more

compounds than grab samples through relatively long-term monitoring.

1.3  Continuouslow-level aquatic monitoring (C.L.A.M.)

Continuous Low-level Aquatic Monitoring (C.L.A.M.) is a submersible, active
sampler (Figure 3(a), p.37) developed by C.I.Agent Solutions (Louisville, KY, USA).

The C.L.A.M. draws water through general solid-phase extraction (SPE) disks at flow
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rate < 70 mL/min to continuously capture organic compounds in water. The device
weighs about 500 grams, and utilizes four AA-size batteries for continuous sampling
about 36 hours. The types of SPE disks are chosen depending on the characteristics of
target analytes, and the sampling capacity is limited to about 100 L of water currently.
The sampling time is limited by battery life and disk capacity, and usually is shorter
than 24 hours. The disks need to be pre-conditioned before sampling and are kept in wet
condition after the deployment till analysis. The sampler provides integrated partitioned
mass of analytes between the adsorbent and water over the sampling period and the
sampled water volume is estimated through measuring the flow rate before and after the
deployment [44].

To the best of our knowledge, there is only one peer-reviewed publication
involving the utilization of the C.L.A.M. sampler. The study compared POCIS,
C.L.A.M., and discrete sampling results at two sites downstream of the outfall of a
wastewater treatment plant (WWTP) on a variety of different classes of compounds.
Regarding the number of analytes detected, discrete samples were significantly different
from other two kinds of samples. This result illustrated that the sampling methods were
the most important factor on the detection of a chemical, regardless of the sampling site
and detected concentration. On the other hand, the sampling site was the most
significant factor on the detected concentration of an analyte, and the second significant
factor was the sampling method. Among the three kinds of samples, C.L.A.M. obtained
more positive results than POCIS and discrete sampling due to its larger sample volume.
Concentrations measured by C.L.A.M. were generally lower than other two sampling
approaches, this phenomenon may result from the partial loss of analytes on the HLB
disk during the sampling process. The study concluded that all three methods can

sample a wide range of compounds and each method had its own advantages and
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disadvantages, while C.L.A.M. performed better on the detection of less polar

chemicals than the other two methods [45].

1.4 Research objectives

The purpose of this study was to compare the sampling of PCPs and
NPAHs/OPAHs in water using POCIS samplers, a modified C.L.A.M. device, and grab
sampling. A static renewal calibration system of POCIS with stir-bar agitation was
established to evaluate if POCIS is applicable to sample 13 PCPs and 5 NPAH/OPAHs.
The uptake pattern of each analyte was plotted through a 14-day calibration experiment
to fit the 1%-order kinetics and sampling rates were estimated for analytes with specific
uptake patterns to use in field sampling. Because the characteristics of the analytes vary
a lot, the PRC evaluation focused on isotope-labeled internal standards rather than a
single compound.

The POCIS, C.L.A.M., and grab sampling methods were simultaneously applied to
a field sampling spot during the same period. Both POCIS and C.L.A.M. provide TWA
concentrations, but are significantly different in sampling time and volumes. Results
from the three sampling methods were compared with each other for providing
information on further sampling strategies and improvements on PCPs and

NPAHs/OPAHSs in water.
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Chapter 2 Methods

2.1 Reagents, material, and apparatus

HPLC-grade methanol, dichloromethane, acetone for extraction and LC/MS-grade
methanol for instrumental analysis were in J.T. Baker brand purchased from Avantor
(Center Valley, PA, USA). Milli-Q water was produced from a Milli-Q integral water
purification system equipped with a 0.22 um filter (Merck Millipore, Billerica, MA,
USA). Ammonium acetate (> 98%, solid), acetic acid (> 99.8%, liquid), anisole (>
99.7%, liquid) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Acetaminophen, caffeine, finasteride, ibuprofen, oxybenzone, methyl paraben,
ethyl paraben, propyl paraben, butyl paraben, naproxen, ketoprofen, 1-nitropyrene,
2-nitrofluorene, 9-nitroanthracene, 5,12-naphthacenequinone, ketoprofen-Ds; (> 96%,
powder) and DEET (> 96%, liquid) were purchased from Sigma-Aldrich.
Benzophenone (99%, powder) was obtained from Alfa Aesar (Heysham, England, UK).
7-nitrobenz[26]anthracene (~100%, powder) was provided by AccuStandard (New
Haven, CT, USA). Ibuprofen—13 GCs, oxybenzone-13C6 (99%, 100 pg/mL in acetonitrile),
naproxen-"C-D3 (98%, 100 pg/mL in acetonitrile), benzophenone-Dj, atrazine-Ds
(98%, 100 pg/mL in nonane), caffeine-">C; (99%, 100 pug/mL in methanol), DEET-Dj
(98%, 100 pg/mL in CD,Cl,), 2,4,5-trichorophenoxyacetic-""Cg (99%, 100 pg/mL in
dichloromethane), methyl paraben-">Cs, n-butyl paraben-">Cs (99%, 1 mg/mL in
methanol), 9-nitroanthracene-Dg (98%, 50 pg/mL in toluene), 1-nitropyrene-Do and
2-nitrofluorene-Dy (98%, 50 pug/mL in toluene-Dg) were purchased from Cambridge
Isotope Laboratories (Andover, MA, USA). Acetaminophen-D, (100 pg/mL in methanol)
was obtained from LGC Standards (Teddington, Middlesex, England, U.K.).

The POCIS sampler and metal holders were purchased from Environmental
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Sampling Technologies (St. Joseph, MO, USA). Hydrophilic polyethersulfone (PES)
SUPOR 100 membrane filters (diameter: 140 mm, pore size: 0.1um) were purchased
from Pall Corporation (Port Washington, NY, USA). PEP Cleanert adsorbent (80-100
um, average pore size 70 A, surface area 600 m”/g) was obtained with Bonna-Agela
Technologies (Wilmington, DE, USA). Empty polypropylene solid-phase extraction
(SPE) tubes with polyethylene frits were provided by Supelco (St. Louis, MO, USA).
The C.L.A.M. sampler was purchased from C.I.Agent Storm-Water Solutions
(Louisville, KY, USA). Atlantic HLB-M disks were purchased from Horizon
Technology (Salem, NH, USA). Two-stage filter assembly that used to replace the
original disk assembly developed by C.I.Agent was obtained from Savillex (Eden

Prairie, MN, USA).

22 POCIS

POCIS is composed of solid-phase sorbent sandwiched between two
polyethersulfone (PES) membranes. The outer two compression rings are used to seal
the sorbent between the membranes; screws and bolts are used to fix the membranes

((a), p43! & A L& T & ). Triplicates of POCIS are usually set up on the stainless
holder for field deployment (4 2! 35 % F| %R ik o (b), &% & AT KT & ).
In this study, sorbent PEP Cleanert, polydivinylbenzeone with functionalized vinyl

pyrrolidone, from Bonna-Agela Technology was used instead of Oasis HLB.

2.2.1 POCIS laboratory calibration

Two hundred milligrams of pre-cleaned PEP Cleanert sorbent was weighed and
sandwiched between two 0.1-pm PES membranes to be held in place by two stainless
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compression rings (surface area: 45.8 cm?). Bolts and screws were used to tighten the
compression rings and secure the sorbent. Prepared POCIS were wrapped in aluminum

foil pre-cleaned by methanol and stored at 4°C until deployment. Dissipation of a

24-hour period was done to account for natural decay and adsorption to the glassware to
evaluate the concentration changes in calibration system. Dissipation is defined as the
analyte loss that is not caused by adsorption to adsorbents, such as adsorption to the
tank or hydrolysis and photolysis.

The exposure calibration method was a turbulent renewal system, consisted of a
cylindrical glass tank (up to 2.5 L) filled up wtih Milli-Q water that was freshly spiked
with 3 pg/L (50 pg/mL standard mixture in methanol, spiked 120 pL) concentration of
each analyte and the water solution was refreshed every 24 hours. All POCIS were
pre-wet in Milli-Q water for 24 hours. Triplicates of POCIS were immersed into the
system for 1, 2, 3, 5, 7, 14 days. The water was stirred by a stir bar at 500 rpm to mimic
the agitation conditions. One additional POCIS was applied in non-spiked Milli-Q water
in order to serve as a negative control; another was applied in air to account for
exposure to airborne contaminants during immersion period. During the calibration
experiment, physical parameters of the system, such as temperature, pH, conductivity,
dissolved oxygen (DO) were measured. Spiked solutions at the end of exposure were

analyzed every day.

2.2.2 PRC evalutation

Five grams of the PEP Cleaner sorbent was spiked with 1 pg/g of isotope-labeled
internal standards to evaluate if the PRC approach is feasible. The isotope-labeled

standards (4 pg/mL in methanol, spiked 1.25 mL) were added into 30 mL of acetone,
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and the solution was added into pre-weighted sorbent to achieve the spiked
concentration. The sorbent—acetone mixture was stirred and acetone was evaporated in a
hood after overnight to dryness. The spiked sorbent was packed as usual POCIS, and the
packed POCIS were deployed in non-fortified Milli-Q water as the calibration system

described above.

23 C.L.AM.

The original C.L.A.M. extraction assembly was replaced with a two-stage filter
assembly with PFA clamp (Savillex, MN, USA) (Figure 3(d), p.29) for repetitive uses. A
glass fiber filter was placed on the first stage gripper for filtering, and a disk was
positioned at the second stage gripper for trapping analytes (Figure 3(c), p.37). The
space between the first stage gripper and the assembly body was filled with small pieces
of glass filter to prevent from deposition of large particles in water.

As the characteristics of PCPs and to match with POCIS sorbent, HLB disks were
chosen. HLB disks were pre-conditioned with 10 mL of dichloromethane, 10 mL of
methanol, and 10 mL of water sequentially. The disks were preserved in wet condition

at 4°C in a refrigerator until deployment.

C.L.A.M. sampler was tested in 21-hour operation in a 70 L tank with Milli-Q
water spiked with 30 ng/L analytes (5 pg/mL standard mixture in methanol, spiked 60
uL for 10 L water each time). Flow rates of the sampler were measured before and after

deployment for estimating the total passed volume of the spiked water.

24 Fidd sampling

POCIS, C.L.A.M., and grab sampling were applied at Melti Pier in Melti Riverside
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Park beside the Kee-Lung River (Figure 4, p.38). The sampling was conducted during
June 18" to 25™ in 2015. Each of two sets of triplicate of POCIS was set up in a
stainless cage at 1.5-m depth under the floating pier during the sampling period (). One
POCIS was deployed for each set as a field blank at the same position in air to account
for contamination during transport and contaminants during the deployment period.
C.L.A.M. was chained on the pier bridge and deployed for 21 hours per day during the
sampling period ( (b), p.38). As the sampling site is a tidal area, the depth was made
certain to be sufficient for C.L.A.M. sampling during the lowest tide. (depth range: 30
cm to 2.2 m). Flow rates of the C.L.A.M. deployment were measured before and after
the sampling to estimate the sampling volume. Deployed POCIS and C.L.A.M. disks
were packed with aluminum foil pre-rinsed with methanol, placed in an ice bucket

during transportation and were stored at -20°C and 4°C, respectively.

Three liters of river water samples were collected every 24 hours during the same
period using a stainless steel sampler and were then transferred to one-liter deactivated
amber glass bottles immediately. Water quality parameters, such as pH, conductivity,
total dissolved solids, salinity, and dissolved oxygen (DO) were measured on site. The
collected river water samples were acidified with acetic acid to pH 3.0 to prevent from

biodegradation and were preserved at 4°C till analysis within 7 days.

2.5 Instrumental analysisand data analysis

2.5.1 Sample preparation

The POCIS samples were left at room temperature for 30 minutes before the
analysis, then the surface was rinsed with Milli-Q water. The POCIS were disassembled
and the PES membranes were rinsed with 4 mL of milli-Q water for transferring the
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sorbent into pre-weighed empty 6-mL polypropylene SPE cartridges with bottom PTFE
frits. The packed sorbent was dried for one hour using a vacuum flow and was spiked
with 200 ng of isotope-labeled internal standards (4 pug/mL in methanol, spiked 50 uL).
Elution was carried out with 2 X 2 mL of methanol and 2 X 2 mL of methanol/acetone
(30:70, v/v). After extraction, the adsorbent was dried with a vacuum flow and was
weighed in order to know the exact mass of packed adsorbent in the cartridges.

After drying with nitrogen for 6 hours, the C.L.A.M. disks were added with 200-ng
isotope-labeled internal standards. The dried disks were eluted with 2 X 5 mL of
methanol and 2 X 5 mL of methanol/dichloromethane (50:50, v/v).

Five hundred milliliters of each discrete water sample was spiked with 200 ng of
isotope-labeled internal standards in methanol, and the samples were shaken at 150 rpm
for 30 minutes before sequentially filtered through glass filters (pore size 1.0 pm,
diameter 90 mm, ChromTech, MN, USA) and a polyvinylidene fluoride (PVDF)
membrane (pore size 0.45 um, diameter 90 mm, ChromTech, MN, USA). The water
samples were processed with SPE-DEX 4790 automated solid-phase extraction system
(Horizon Technology, Salem, NH, USA). The Bakerbond Speedisk PolarPlus C18 disks
(50 mm i.d., J.T. Baker, Center Valley, PA, USA) for extraction were pre-washed with
10-mL methanol/dichloromethane (50:50, v/v), then were sequentially conditioned with
10-mL methanol and 10-mL reagent water. After the water samples passing through and
dried for 15 minutes with nitrogen gas, the disks were eluted with 2 X 5 mL of
methanol and 2 X 5 mL of methanol/dichloromethane (50:50, v/v).

For all three sampling methods, the eluates were concentrated to barely dry using a
Speedvac concentrator (Thermo Savant SPD 1010, Holbrook, NY, USA), and were
reconstituted with 500 puL of methanol. The solutions were filtered through a Millex

Simplicity filter (hydrophilic PTFE, pore size 0.20 um) using a Samplicity fitration
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system (Merck Millipore, Darmstadt, Germany) for instrumental analysis.

2.5.2 Instrumental analysis and data analysis

All extracts were analyzed with a Waters ACQUITY UPLC system coupled with a
Quattro Premier XE triple-quadrupole mass spectrometer fitted with an ESI or APPI
interface. Chromatographic separations of 11 compounds, including four NPAHs
(2-nitrofluorene, 1-nitropyrene, 7-nitrobenz[a]anthracene, 9-nitroanthracene), one
OPAH (5,12-naphthacenequinone) and six basic PCPs (acetaminophen, caffeine, DEET,
benzophenone, Finasteride, oxybenzone) were achieved by a Kinetex PFP column
(50mm X 2.1 mm, 2.6 um, Phenomenex, Torrance, CA, USA) (Appendix 1, p.57).
Among the 11 analytes, two NPAHs (7-nitrobenz[a]anthracene, 9-nitroanthracene) were
detected using APPI (+); while other nine analytes were analyzed with ESI (+)
(Appendix 2, p. 58). The rest seven acidic PCPs (Methyl paraben, ethyl paraben, propyl
paraben, butyl paraben, ketoprofen, naproxen, ibuprofen) were separated by a Waters
CORTECS CI18 (30 mm X 2.1 mm, 1.6 um) (Appendix 1, p. 57), and were detected
using ESI(-) mode (Appendix 2, p. 58). Acquisition was performed at multiple
reaction monitoring (MRM). The two most abundant ion transitions of each analyte
were selected as the quantitative and confirmatory ions, respectively (Appendix 3, p.59).
MassLynx 4.1 (Waters) was used for data acquisition and processing, and further data
analysis was done by Microsoft Excel 2013 (Microsoft) and OriginPro 8.5.1.

(OriginLab, Northampton, MA, USA).
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26 Method validation

2.6.1 Method validation

Accuracy and precision were determined by pre-spiked Milli-Q water at three
pre-spiked levels (100, 300, 600 ng/L). Accuracy was presented as the quantitative bias
by comparing the measured concentrations to the spiked concentrations; precision was
expressed as the relative standard deviations of the measured differences of the
replicates (n = 3).

Extraction efficiency was defined as the slope ratio of regression curves of
pre-spiked samples to those of chemical standards. Five levels of analytes (50, 100, 300,
600, 1000 ng/L) were prepared for chemical standards and pre-spiked blank samples for

establishing regression curves (n = 3 for each level).

2.6.2 Quality assurance and quality control

For disk-SPE samples, a reagent blank, a sample duplicate and a QC spike sample
were analyzed with collected water samples at each batch (20 samples). For C.L.A.M.
samples, a reagent blank and two reagent spikes was applied in every batch (10
samples).

Regarding POCIS, a fabrication blank, a laboratory blank, and two reagent spikes
and a field blank was also analyzed in every batch (15 samples). A fabrication blank is
the blank that sorbent was packed concurrently with the field-deployed POCIS, It was

stored at -20°C till processing with field-deployed samplers. This fabrication blank

represented the contaminants through packing process, sample preparation, and
instrumental analysis.

Cartridge tubes, frits and aluminum foils were rinsed with methanol before use or
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packing. Glassware was soaked with 1.0 M sulfuric acid,q) for six hours, and was rinsed
with Milli-Q water, acetone, and methanol before use.
A standard solution of 200 ng/mL in methanol was analyzed every 20 injections to

check the retention time and signal intensity of the instrument.

2.7 Calculation method of sampling rates (Ry)

As TWA concentration is calculated at the linear stage of POCIS uptake with

relationship as Equation (2), and the equation could be rearranged to

Cs _E
o, = CF =1, (5)

Cs is the analyte concentration in the sorbent at time t (ug/g); C, is the TWA
analyte concentration in the water (ug/L); CF is the concentration factor (L/g); Rs
represents sampling rates (L/d); M, is the sorbent mass in POCIS (g); t represents time
(d)

Cs, Cy, M;,t were obtained from the calibration experiment (6 points, 1, 2, 3, 5, 7,

14 days), then CF were calculated and used to draw the CF-t plots. The plotted curves
were fitted first-order kinetic equation to obtain k., and to calculate t;,,. Through the
obtained t;,, values, the CF maximum value could be calculated from the curve.

Thus, the sampling rate can be calculated through Equation (5) [41].
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Chapter 3 Resultsand Discussion

3.1 Method validation

For PCPs, the extraction efficiencies of POCIS were 80.7-122% (Table 2, p.47).
The lowest was the extraction efficiency for acetaminophen (80.7%) and benzophenone
(122%) had the highest value. For NPAHs and OPAHs, the extraction efficiencies were
94.3-110%.

The extraction efficiencies of C.L.A.M. for PCPs were 81.7-103% (Table 2, p.47).
Extraction efficiency for acetaminophen (96.6%) and caffeine (99.4%) were better than
those of POCIS. The disk used in C.L.A.M. would be conditioned first, and kept in wet
condition till extraction, while POCIS sorbent was spiked and dried, and kept in dry
condition till extraction, resulting lower extraction efficiencies in POCIS.

Compared to PCPs, extraction efficiencies for NPAHs and OPAHs were much
lower. Qiao et al. reported similar extraction efficiencies combining C18 and HLB SPE
cartridge process on NPAHs that extraction efficiencies of 2-nitrofluorene,
1-nitropyrene, 7-nitrobenz[a]anthracene, and 9-nitroanthracene were 100.0%, 96.1%,
45.3% and 86.3% [18].

Most of the quantitative biases and relative standard deviations were lower than
25% and 15% in POCIS analysis respectively (Table 3, p.48).

Regarding to C.L.A.M., the extraction efficiency, accuracy, and precision of
benzophenone were not calculated because benzophenone was not well-retained by
HLB disks (maximum ~30ng/disk), and benzophenone-D,( was not retained at all.

For both POCIS and C.L.AM. extraction, 2-nitrofluorene and
5,12-naphthacenequinone had greater relative standard deviations due to the low

recovery or lack of their corresponding isotope standards (Table 3, p.48).
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2-nitrofluorene and 5, 12-naphthacenequinone utilized 1-nitropyrene-Dg as their internal
standards, but the structures, ring arrangements and properties were different between

these three compounds.

3.2 Characteristics of uptake and sampling rates at POCIS

The uptake pattern was evaluated through CF-t plot of every analyte. CF was
concentration factor, that is the ratio of analyte concentration in sorbent over analyte
concentration in water at the measure time. The larger the CF values, the faster the
uptake of analytes through water to sorbent.

During the 14-day calibration period, methyl paraben, caffeine, and finasteride
exhibited typical curvilinear accumulation (Figure 5(a), p.39; Table 4, p.50). Their
sampling rates were calculated through fitting the CF-t plot curve to 1%-order kinetics

(Equation 1, p.48 3! & X =& 3 & - ). DEET, and acidic PCPs, such as ethyl paraben,

naproxen, ketoprofen, ibuprofen maintained linear uptake (R* > 0.990) in 14 days
(Figure 5(b), p.39; Table 4, p.50).. The linearity exhibited the uptake was still at the
linear stage and allowed the sampling rates of these compounds to be calculated through
Equation (2) (p.5). Propyl paraben and butyl paraben had delayed adsorption behavior
followed by linear uptake, and their patterns of uptake were neither fitted to 1*-order
kinetics or linearity ((R* < 0.990) (Figure 5(c), p.40). The sampling rates for these two
parabens were estimated through the CF values at day 5. Random and low (CF < 3)
uptake patterns of benzophenone and oxybenzone were observed, which may result
from photodegradation; this can be explained by their properties as UV filters.
Regarding NPAHs and OPAHSs, 2-nitrofluorene and 5,12-naphthacenequinone exhibited

no accumulation on POCIS; 1-nitropyrene, 9-nitroanthrancen, 7-nitrobenz[a]anthracene
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showed very low and random accumulation. This phenomenon may be explained by
their high ko, values (3.97-5.34).

Among the ten calculated sampling rates, only three compounds exhibited 1¥-order
kinetics and the time to reach equilibrium (t;,) was calculated. To apply POCIS to field
sampling, the time of deployment should be shorter than the calculated t;, time for
presuming the sampler as an infinite sink to extract the analytes. The uptake of five
compounds (DEET, ethyl paraben, naproxen, ketoprofen, ibuprofen) showed linear
relationship in 14 days, and the calculated t;, values of three compounds (caffeine,
finasteride, and methyl paraben) with a curvilinear uptake pattern were 39, 61, 20 days
(Table 5, p.51). For propyl paraben and butyl paraben, as the sampling rates were
estimated from CF at day 5, the sampling period between 5 to 14 days would be
approapriate. As a result, sampling period between 5 to 14 days would be suitable for
sampling these analytes.

Comparisons between sampling rates in literature should be applied carefully
because the calibration conditions were varied in each study, and analyte uptake may be
significantly differed. Comparisons performed in this study were based on the use of
pharmaceutical POCIS with the same configuration (200 mg sorbent, surface area 45.8

cm?), similar temperature range (15-30°C), and under similar agitation (including both

stirred and flow-through systems).

Sampling rates of ketoprofen, naproxen, and ibuprofen were reported by several
studies and our values were close to reported values (Table 5, p.51). As for sampling
rates for caffeine and acetaminophen, the reported values were much larger than our
calculated values. The results may be influenced by the calculation methods and other
different conditions of calibration system. As the calibration system varied a lot in

different studies, the precise comparison of sampling rates was difficult. Our study
25



provided sampling rates of six new compounds, including methyl paraben, ethyl
paraben, propyl paraben, butyl paraben, finasteride, and DEET. Although the t;;; values
of these six compounds were not obtained in the 14-day calibration system, the
sampling rates provided good reference for field sampling.

No prominent relationship between estimated sampling rates and log Kow for all
studies analytes (Figure 6, p.40). For the three acidic analgesics, sampling rates
increased with high log Kow. For parabens, the sampling rates seemed to decrease with

longer alkyl side chain, except for methyl paraben.

3.3 PRC evaluation

The ideal PRCs show the analogue 1st order kinetic pattern as target analytes in
release mode, and have the same half-life time compared with the analyte. Other
choices may include specific decreasing pattern, such as linear decrease during
laboratory calibration experiment.

Compared to native analytes, the isotoped chemicals show different behavior in the
14-day experiment (Figure 7, p.41), and the estimated elimination rates were different
from sampling rates for most compounds. Closed sampling rates and elimination rates
were shown by ketoprofen and ibuprofen. There were no prominent relationship
between the elimination rates and log Kow values of the PRC candidates (Figure 8,
p-41).

From the elimination pattern showed that the release of methyl paraben-">Cg,
naproxen-'">C-Ds, acetaminophen-D4, and caffeine-">Cy reached the equilibrium (the
lowest quanitity) at day 7. As PRCs were utilized to reflect the fluctuations of

environmental conditions, the sampling period of these four PRCs were limited to
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shorter than 7 days. For other four candidates, ketoprefen-D;, butyl paraben-;3Cs,
ibuprofen-;3Cq, and DEET-Dg, the patterns showed that release lasted at least for 14
days (Figure 7, p.41). As the uptake of the four corresponding native compounds
remained linear in 14 days, the releasing mode did not follow the same patterns.
Therefore, there was no proper isotope-labeled PRC in this POCIS system, and no

corrections would be implemented for further TWA concentration calculation.

3.4 Applicationsto field sampling

The calculated sampling rates and t;; suggested that the sampling duration as a
7-day period. POCIS, C.L.A.M., and grab sampling were applied at the Melti Pier using
the same period for comparing the results. There were 20 real samples, including 6
POCIS samples applied for a seven-day period, 7 C.L.A.M samples applied 21-hour per

day, and 7 river water samples grabbed each day.

3.4.1 Concentrations in grab water samples

The detected compounds were consistent every day. UV filters, analgesics (except
for ketoprofen) methyl paraben, propyl paraben, DEET, and caffeine were detected in
all grabbed water samples. Caffeine was the most abundant analyte in the river water,
ranged from 3,650-5,130 ng/L. For parabens, only methyl paraben and propyl paraben
were detected at low levels. NPAHs, OPAH, finasteride, ketoprofen, ethyl paraben, and

butyl paraben were not detected in any grabbed sample (Table 6, p.53)

3.4.2 Concentrations in POCIS samples
As for POCIS samples, ketoprofen, naproxen, ibuprofen, propyl paraben, caffeine
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and DEET were detected in all 6 samples (Table 6, p.53). Methyl paraben were detected
in every POCIS sample, as the concentration is nearly the same as laboratory blank, the
measured concentrations were deemed to be not detected. Acetaminophen,
benzophenone, and oxybenzone were detected in every POCIS sample. As the
accumulation patterns of these three compounds were low and random, the results were
not semi-quantitative, but the detection would provide qualitative information for
screening. For the 6 detected analytes, their concentrations in water were estimated
through the sampling rates gained in the laboratory.

The sampling rates in field may be different from the calculated values in
laboratory by several reasons. First, Conditions of river water were fluctuated and were
different from the calibration system performed in the laboratory: temperature, pH,
conductivity, salinity and TDS were higher (Table 7, p.54; Table 8, p.55). As
temperature rises, the sampling rates may increase. Higher pH may lower the sampling
rates of acidic compounds, and increase those of basic analytes. Although the sampling
site is a tidal area, salinity was almost constant during the sampling period, but the
salinity change was minor for sampling rates. Second, the water flow rates may not be
the same with the rates applied in the calibration, and the flow rates were not stable
through the whole sampling period. Faster flow rate increases the sampling rates. Third,
fouling on the PES membrane was not found on the POCIS after deployment, the PES
membrane surface was covered with mud, particles, and small debris. These materials
may hinder the partition behavior between water and the membrane, causing lower
sampling rates. Because there was no suitable PRC to adjust sampling rates with real
environmental conditions in POCIS system, the calculated concentrations were

considered to be semi-quantitative.
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3.4.3 Concentrations in C.L.A.M. samples

The main problem encountered at C.L.A.M. deployment was the clogging of glass
filter after deployment. Flow rates may drop to lower than 1 mL/min after the 21-hour
deployment, and the problem was more serious after thundershowers. The observed
flow after deployment was not continuous and produced bubbled sections, and the
extracted disk may be dried and wet by water repeatedly during the deployment period.
The results showed that the more hydrophobic compounds may not be retained on the
disk as the extracted disk may be dried during the deployment. The internal standards
mixture spiked directly spiked on the disk after drying by nitrogen gas was not well
retained on the disk, except for the highly water-soluble compounds, acetaminophen
and caffeine. Therefore, the C.L.A.M. results needed to be interrupted carefully, and the
modified C.L.A.M. filter device needs further improvements.

As the problem stated above, the C.L.A.M. results were carefully evaluated
through the performance of internal standards added before analysis. We used only one
real sample result to calculate the concentration in water and compare to two other
sampling methods (Table 6, p.53). The exact mass extracted in C.L.A.M. for every
detected analytes was greater than grab and POCIS samples, but after normalization
with passed volume of water, the concentration was lower than other two sampling

methods.

3.4.4 Comparison between POCIS, C.L.A.M and grab samples

Regarding the detected number of compounds, POCIS was able to quantify six
compounds, and identify three compounds qualitatively. There were also nine

compounds detectable in grab samples, which ketoprofen was replaced by the detection
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of methyl paraben in water samples. C.L.A.M. was able to detect 10 compounds, with
the addition of ethyl paraben compared to grab samples. The concentrations of POCIS
and grab samples were in similar trends, as the water volumes extracted were close. For
C.L.A.M., the water volume extracted (~35L) was much greater than the other two
sampling methods, but the concentrations detected were estimated twenty-fold lower.
This result was in agreement with a previous study that detected concentrations of
investigated compounds with C.L.A.M. were lower than those with other two methods
[45].

Comparing the grabbed samples, POCIS, and C.L.AM. samples, the
representativeness of the samples, sampling time, sampling volume, and concentration
type provided are different. Grabbed samples represent only the sampling instant in time,
and POCIS and C.L.A.M. represent time-weighted samples. The sampling time of
POCIS may last weeks to months; while C.L.A.M. represents about a < 24-hour period.
The sampling volumes are quite different: volumes of grabbed samples are usually
several liters; while that of C.L.A.M. may be high as to 100 liters. Volumes of POCIS
samples are depended on both sampling rates and time, and are usually larger than that
of grabbed samples. POCIS and C.L.A.M. provide TWA concentrations, while grabbed

sample provide only the instant concentration of analyte in water.
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Chapter 4 Conclusions

A calibration system was established to evaluate whether 13 PCPs and 5
NPAHs/OPAHs were suitable for POCIS sampling. Among the 13 PCPs, ten
compounds were evaluated as appropriate for POCIS sampling and their sampling rates
were calculated and utilized in field sampling to provide semi-quantitative results of
river water concentration; other three chemicals were assess as only suitable to provide
qualitative results of real samples. NPAHs/OPAHs were not suitable for POCIS
sampling due to their no or low and random uptake. The TWA concentrations provided
by POCIS were in agreement with grabbed water samples. Grabbed samples may only
represent the concentrations at the sampling instant, but they were good indicators for
detection of POCIS sampling. C.L.A.M. may detect more chemicals compared to
POCIS and grabbed sampling, due to the larger water volume extracted. The detected
C.L.A.M. concentrations were lower than other two sampling methods. This result may
be attributed to the deposition of analytes on particles and low-retention of analytes on
the disks.

Regarding C.L.A.M. sampler, the modifications of extraction disk replaced by a
two-stage filter assembly was not applicable under the river environment with high
content of particles. The glass filter may be clogged, and the flow rates of C.L.A.M.
became unstable, causing the disk to be dried and wet repeatedly. The sorbent
conditions were changed and made further analysis difficult. The filter device needs

further modifications and more field tests to accommodate to the river environment.
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(a) POCIS

Figure 1 POCIS assembly
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Figure 2 Uptake of POCIS
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Calibration tubing connection

e

Battery housing Sealed pump

(a) Original C.L.A.M. from C.I.Agent Solutions®

(b) Two-stage filter assembly from Savillex (the whole assembly)
(c) Two-stage filter assembly from Savillex (separated parts)
(d) The modified C.L.A.M. with two-stage filter assembly

Figure 3 C.L.A.M. assembly and Savillex filter modification
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(a) Sampling location (wide area)

(b) Sampling position (Melti Pier)

Figure 4 Sampling location
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Figure 5 Uptake patterns and fitting curves of analytes for POCIS (n=3)
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Figure 5 Uptake patterns and fitting curves of analytes for POCIS (n=3)

1
DEET
o @ 0.863
0.8
0.7
=) 06 ethyl paraben
= 05 € 0.525
= finasteride
[~ 04 methyl paraben #0373 ibuprofén
03—
? 0-2%5 09022 #0256
02 propy para ch 0021169‘ naproxen
0.1 ; € 0.078
0®0036 . ketaprofen butyl paraben
a1 gaffeine , 3 4
log Kow
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Tables

Table 1 Chemical structures and characteristics of analytes

CAS molecular water solubility

Compounds number weight log kow pKa (@25°C, mg/L) structure

Per sonal care products

OH
0
Acetaminophen 103-90-2 151.16 0.46 soluble )‘\
N
H

0

Benzophenone 119-61-9 182.22 3.18 40.1 O O

o]
>—©—OH
Butyl paraben 94-26-8 194.23 3.57 54.1 o

(& ]
'\\\N N/
Caffeine 58-08-2 194.19 -0.07 1.6 X 10° )‘\ | ,>
o N o
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CAS

molecular

water solubility

Compounds number weight log kow pKa (@25°C, mg/L) structure
(o]
DEET 134-62-3 191.27 2.02 ; > 10° /\Nk
Ethyl paraben 120-47-8 166.17 2.40 348
Finasteride 98319-26-7 372.54 3.50 1.98
HO
Ibuprofen 15687-27-1 206.28 3.97 21
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Compounds ngrﬁbser mvc:/leeiz}llltar log kow pKa zgtzesr éo,hrll?g/lg structure
Ketoprofen 22071-15-4 254.28 3.12 21.3
Methyl paraben 99-76-3 152.15 1.96 1.05 X 10
Naproxen 22204-53-1 230.26 3.18 15.9
Oxybenzone 131-57-7 228.24 3.79 128
Propyl paraben 94-13-3 180.20 3.04 121
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CAS molecular water solubility
Compounds number weight log kow pKa (@25°C, mg/L) structure
Nitrated polycyclic aromatic hydrocar bons
I-nitropyrene 5522-43-0 247.25 5.06 1.7% 102
2-nitrofluorene 607-57-8 211.22 3.97 0.216
7-nitrobenz[a]anthracene 20268-51-3 273.29 5.34 -
9-nitroanthracene 602-60-8 223.23 4.16 -
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CAS molecular water solubility

Compounds number weight log kow pKa (@25°C., mg/L) structure
Oxygenated polycyclic aromatic hydrocarbons
5,12-naphthacenequinone  1090-13-7 258.27 4.52 -
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Table 2  Extraction efficiencies (%) of POCIS and C.L.A.M. (n = 3)

Compounds

POCIS (%RSD)

C.L.AM. (%RSD)

Acetaminophen

Benzophenone
Butyl paraben
Caffeine

DEET

Ethyl paraben
Finasteride
Ibuprofen
Ketoprofen
Methyl paraben
Naproxen
Oxybenzone
Propyl paraben
1-nitropyrene
2-nitrofluorene
7-nitrobenz[a]anthracene
9-nitroanthracene

5,12-naphthacenequinone

80.7 (3.48 %)
122 (6.24%)

96.0 (5.04 %)
93.8 (4.51 %)
102 (4.79 %)
96.2 (4.09 %)
97.9 (2.74 %)
94.8 (3.45 %)
92.5 (10.2 %)
97.3 (4.92 %)
101 (5.53 %)
99.0 (4.48 %)
89.3 (2.77 %)
94.3 (11.8 %)
110 (23.8 %)
104 (2.63 %)
101 (3.67 %)

110 (8.45 %)

96.6 (1.52 %)

81.7 (16.0 %)
99.4 (3.48 %)
98.6 (4.21 %)
83.4 (4.05 %)
101 (4.93 %)
93.2 (9.98 %)
96.1 (17.6 %)
96.5 (1.60 %)
103 (1.80 %)
97.5 (4.25 %)
81.8 (2.78 %)
92.7 (2.34 %)
101 (21.8 %)
86.5 (11.4 %)
76.6 (4.43 %)

50.3 (15.0 %)
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Table 3  Accuracy and precision of the spiked samples (n = 3)

Compounds Spiked POCIS C.L.AM.
level % RSD Bias (%) % RSD Bias (%)

Acetaminophen Low 5.22% -2.85% 4.60% 6.77%
Medium 7 950 22.1% 3.35% -6.07%

High 3.24% -16.6% 8.10% -1.67%

Benzophenone Low 11.1% 6.57% 29.2% 27.7%
Medium 7 54904 4.04% 23.4% -79.0%

High 6.16% 5.87% 11.6% -90.1%

Butyl paraben Low 5.08% 12.7% 5.40% -3.40%
Medium 5 009 -11.3% 5.45% -11.5%

High 4.78% 2.47% 9.49% -6.35%

Caffeine Low 3.80% 10.6% 3.29% -4.63%
Medium 3 99, -11.0% 1.48% -3.00%

High 3.18% -6.85% 6.64% 0.43%

DEET Low 3.16% 19.3% 1.14% 3.63%
Medium 3 189 -3.32% 3.64% -0.68%

High 3.75% 1.81% 8.27% 0.43%

Ethyl paraben Low 5.76% 13.4% 6.26% -9.53%
Medium 5250 -13.9% 7.03% -18.2%

High 2.78% -4.11% 7.55% -16.4%

Finasteride Low 2.31% -3.70% 3.43% -12.4%
Medium 1.60% -17.6% 1.82% -9.11%

High 3.47% -4.97% 7.11% -10.5%

Ibuprofen Low 4.66% 11.2% 13.2% -4.57%
Medium 3 939 -12.6% 14.6% -12.2%

High 2.01% -7.95% 10.4% -3.96%

Ketoprofen Low 4.34% 8.77% 19.7% 26.6%
Medium 3709 -13.7% 6.02% -1.81%

High 5.89% -6.63% 3.59% 0.64%

Methyl paraben Low 4.69% -1.40% 20.2% 21.4%
Medium 4339 2.97% 14.4% 0.18%

High 1.59% -1.33% 4.05% 0.12%
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Compounds Spiked POCIS C.LAM.
level % RSD Bias (%) % RSD Bias (%)
Naproxen Low 3.07% 8.40% 31.4% -24.9%
Medium 2 949 -10.4% 9.44% -5.91%
High 5.19% -4.52% 3.52% -8.59%
Oxybenzone Low 2.91% 16.9% 3.32% 2.30%
Medium 1.88% -6.85% 3.82% -2.94%
High 3.47% -0.96% 9.32% -1.72%
Propyl paraben Low 4.80% 4.80% 6.13% -16.5%
Medium 4 439 -15.1% 6.32% -20.7%
High 2.01% -9.02% 5.10% -19.7%
I-nitropyrene Low 4.73% 9.33% 9.60% -8.30%
Medium 14.3% 9.87% 3.63% -5.22%
High 5.44% -8.51% 11.6% 1.82%
2-nitrofluorene Low 3.78% 24.6% 11.4% 51.6%
Medium 14.0% 1.90% 6.17% -13.9%
High 2.67% 4.44% 19.4% -7.12%
7-nitrobenz[a]anthracene Low 4.78% 14.3% 31.0% 103%
Medium ¢ 119 1.38% 23.2% 79.0%
High 4.93% 4.10% 10.8% 32.5%
9-nitroanthracene Low 1.00% 18.1% 6.99% 3.20%
Medium 3 189 -2.62% 3.97% 0.81%
High 6.17% -1.06% 4.33% -10.4%
5,12-naphthacenequinone Low 6.05% -13.3% 8.42%, -0.40%
Medium 13.4% -5.01% 6.17% -37.0%
High 7.90% 7.56% 19.5% -33.5%

Spiked levels: low (100 ng), medium (300 ng), high (600 ng)
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Table 4 Equation and R-squared values of fitting curves of calibration system

Compounds Upg?iedgigem Rs (L/d) Equation of fitting curve R’ glf;rfitéing
Caffeine curvilinear 0.036 + 0.022 y=5.19 (1-e""%%)

Finasteride curvilinear 0.373 £0.148 y =130 (1-¢"""™) -
Methyl paraben curvilinear 0.295 £0.153 y=63.6 (1-e""%) -
DEET linear 0.863 +0.010 y=3.995x +0.1701 0.9976
Ethyl paraben linear 0.525 £0.021 y =2.4281x -2.3034 0.9927
Ibuprofen linear 0.256 + 0.004 y=1.1853x -0.3931 0.9965
Ketoprofen linear 0.169 +0.017 y=0.7828x + 0.4324 0.9959
Naproxen linear 0.220 + 0.034 y=1.0171x -0.0090 0.9992




Table 5 Sampling rates and comparison with literature values

uptake pattern ti sampling rates Rs (L/d)
Compounds log Kow (14 days) (days) Rs (L/d) from literature
0.550 £ 0.108 [46]
0.168 +0.047 [47]
Caffeine -0.07 curvilinear 31 0.036 +0.022 0.044 £+ 0.005 [48]
0.127 £0.021 [49]
NA [40]
Finasteride 3.50 curvilinear 69 0.373 +£0.148 -
Methyl paraben 1.96 curvilinear 15 0.295+0.153 -
DEET 2.02 linear linear < 14 days 0.863 +0.010 0.19
Ethyl paraben 2.40 linear linear < 14 days 0.525 £0.021 -
0.182 +0.037 [50]
0.118 £0.006 [41]
. . 0.279 £ 0.056 [47]
Ibuprofen 3.97 linear linear < 14 days 0.256 = 0.004 0.400 £0.081 [48]
0.348 +0.052 [37]
NA [40]
0.118 £0.007 [41]
Ketoprofen 3.12 linear linear < 14 days 0.169 +0.017 0.206 £ 0.001 [36]

0.139 + 0.042 [47]
0.135 +0.035 [40]
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0.125 = 0.048 [50]
0.324 £ 0.087 [46]
0.084 = 0.011 [41]

Naproxen 3.18 linear linear < 14 days 0.220 + 0.034 0.144 £ 0,044 [47]
0.392 £ 0.024 [37]
0.116 + 0.053 [40]
Propyl paraben 3.04 with a lag phase - 0.210+0.013 -
Butyl paraben 3.57 with a lag phase - 0.078 + 0.006 -
Benzophenone 3.18 low, random - - -
0.048 £ 0.135 [46]
. 0.048 £ 0.011 [48]
Acetaminophen 0.46 low, random - - 0.145 = 0.033 [37]
NA [40]
Oxybenzone 3.79 low, random - - -
I-nitropyrene 5.06 low, random - -
7-nitrobenz[a]anthracene 5.34 low, random - --
9-nitroanthracene 4.16 low, random - -
2-nitrofluorene 3.97 no accumulation - -
5,12-naphthacenequinone 4.52 no accumulation - --
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Table 6 Concentrations of real samples

Compounds . POCIS (ng/L) . water (ng/L) C.L.AM (ng/L)
mean + SD mean + SD mean + SD
Acetaminophen 7 - 6 208 + 61 0.81
Benzophenone 7 - 6 36.9 +24.1 13.3
Butyl paraben 7 ND 6 ND ND
Caffeine 7 3510 + 230 6 4370 + 620 252
DEET 7 19.5+2.0 6 120+ 16 6.24
Ethyl paraben 7 ND 6 ND 0.059
Finasteride 7 ND 6 ND ND
Ibuprofen 7 943 + 8.4 6 236 + 40 12.7
Ketoprofen 7 204 +34 6 ND ND
Methyl paraben 7 ND 6 14.6 + 6.98 0.597
Naproxen 7 353+73 6 70.4 +16.7 4.73
Oxybenzone 7 - 6 23.9+9.13 1.89
Propyl paraben 7 23.5+5.5 6 36.0 + 16.1 1.18
I-nitropyrene 7 - 6 ND ND
2-nitrofluorene 7 - 6 ND ND
7-nitrobenz[a]anthracene 7 - 6 ND ND
9-nitroanthracene 7 - 6 ND ND
5,12-naphthacenequinone 7 - 6 ND ND

ND: Not Detected
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Table 7 Conditions of grab water samples

temperature DO Conductivity SAL TDS

date . pH

(C) (mgl)  (uSlm)  (ppt) (mglL)
6/18-1 36.3 7.27 5.40 296 0.16 162.3
6/18-2 36.3 7.19 5.55 291 0.16 162.8
6/18-3 36.3 7.19 4.74 295 0.16 162.5
6/19-1 34.7 7.28 5.61 322 0.16 161.0
6/19-2 34.7 7.29 5.25 324 0.16 161.5
6/19-3 34.7 7.30 5.15 322 0.16 160.8
6/20-1 32.7 7.28 5.16 333 0.16 166.4
6/20-2 32.7 7.30 5.47 332 0.16 153.3
6/20-3 32.7 7.30 5.62 331 0.16 165.6
6/21-1 32.7 7.49 3.61 336 0.16 168.2
6/21-2 32.7 7.49 3.68 336 0.16 168.4
6/21-3 32.7 7.49 3.72 337 0.16 168.7
6/22-1 33.0 7.32 2.46 293 0.14 146.1
6/22-2 33.0 7.27 2.47 293 0.14 145.9
6/22-3 33.0 7.27 2.47 291 0.14 145.7
6/23-1 35.4 7.28 2.64 306 0.15 152.6
6/23-2 354 7.24 2.54 304 0.15 151.9
6/23-3 35.4 7.24 2.55 305 0.15 152.0
6/24-1 32.5 7.28 2.58 301 0.14 150.3
6/24-2 32.5 7.28 2.72 302 0.14 150.4
6/24-3 32.5 7.25 2.60 301 0.14 149.7

SAL: Salinity; TDS: Total dissolved solids
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Table 8 Environmental parameters during calibration system and field deployment of POCIS

temperature o DO Conductivity SAL TDS
(C) P (mg/L) (uS/em) (PP) (mg/L)
Calibration system 22.3-26.9 5.78-6.02 3.25-29.7 - -- 4.82-6.68

Field sampling 32.5-36.3 7.19-7.49 291-337 0.14-0.16 145.7-168.7 2.47-5.62
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Appendices

Appendix 1 LC gradients
Column Phenomenex Kinetex PFP
Oven temperature (°C) 40
Flow rate (mL/min) 0.50
Mobile phase 10 mM ammonium
. Acetonitrile acetate/ 0.25% acetic acid
Gradient _
. pH =4.08
(min)
Initial 10 90

0.5 10 90

4.5 90 10

5.5 90 10

6.0 10 90

8.0 10 90
Column Waters CORTECS UPLC CI18
Oven temperature ('C) 30
Flow rate (mL/min) 0.50

Mobile phase
0.04% acetic acid
Gradient Methanol pH=3.50
(min)
Initial 15 85

0.5 15 85

3.0 100 0

3.5 100 0

4.0 15 85

6.0 15 85
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Appendix 2 The LC conditions and the parameters of ionization sources

Compound group Group I Group II Group III

Ion source ESI + ESI - APPI +

Column Kinetex PFP Waters Cortecs UPLC C18 Kinetex PFP
50 x 2.1 mm, 2.6 ym 30 x 2.1 mm, 1.6 ym 50 x 2.1 mm, 2.6 ym

Mobile phase MeOH / 10-mM ammonium acetate MeOH MeOH/ 10-mM ammonium acetate
with 0.25% acetic acid 0.04% acetic acid with 0.25% acetic acid

Flow rate (mL/min) 0.50 0.50 0.50

Dopant - - Anisole

Dopant flow rate (mL/min) - - 0.050

MS/MS parameters

Capillary voltage (kV) 3.5 2.0 -

Repeller voltage (kV) - - 1.5

Extractor voltage (V) 3 3 3

Desolvation gas flow (L/hr) 900 900 400

Cone gas flow (L/hr) 150 150 50

Source temp (C) 120 130 110

Desolvation temp (C) 450 500 -

APPI probe temp (C) - - 500
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Appendix 3 The MS/MS parameters for native and stable isotope-labeled analytes

Cone Cone
Ion transitions (m/z) Ion transitions (m/z)
Compounds voltages Corresponding IS voltages
(Collision energy) (Collision energy)
V) V)

Group |
Acetaminophen 25 (+) 151.0> 110.0 (14), 92.9 (22) | Acetaminophen *Dy4 25 (+) 155.0>114.0 (14)
Caffeine 38 (+) 194.9 > 137.9 (20), 110.0 (20) | Caffeine *C; 38 (+) 197.9>139.9 (20)
DEET 22 (+) 192.1 > 118.9 (18), 91.0 (30) 5

DEET “D¢ 22 (+) 198.1 > 118.9 (18)
Finasteride 55 (+) 373.1 > 304.9 (28), 57.0 (43)
Oxybenzone 30 (+) 229.1 > 150.9 (18), 105.0 (30) ”

Oxybenzone ~Cg 30 (+) 192.9>109.8 (18)
Benzophenone 18 (+) 182.9>104.8 (18), 76.9 (31)
1-nitropyrene 24 (+) 247.8>230.7 (12), 200.8 (25)
2-nitrofluorene 24 (+)211.9>194.7 (14), 164.8 (24) | 1-nitropyrene Dy 24 (+) 256.8 > 239.7 (12)
5,12-naphthacenequinone 40 (+) 258.9>201.8 (30), 230.9 (16)
Group 11
Methyl paraben 27 (-) 150.8 > 91.8 (18), 135.7 (15) | Methyl paraben *Cy 27 (-) 156.8 >97.8 (18)
Ethyl paraben 30 (-) 164.7>91.9 (23),97.8 (15)
Propyl paraben 29 (-) 178.8>91.9 (28), 135.9 (18) Butyl paraben °Cy 27 (-) 198.9 > 97.8 (28)
Butyl paraben 35 (-) 192.9>91.8 (28), 136.0 (20)
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Cone Cone
Ion transitions (m/z) _ Ion transitions (m/z)
Compounds voltages o Corresponding IS voltages g
(Collision energy) (Collision energy)
V) V)
Ibuprofen 15 (-) 205.0>160.9 (8) Tbuprofen °Cs 15 (-) 208.0 > 163.9 (8)
Ketoprofen 14 (-) 253.1>209.0 (10) Ketoprofen °Cs 14 (-) 256.0 > 212.0 (7)
Naproxen 15 (-) 229.0 > 168.9 (30), 170.0 (30) | Naproxen-"C,°Ds 15 (-) 233.0>172.9 (30)
Group 111
9-nitroanthracene 20 (+) 222.7>192.7 (18), 166.8 (26) s
9-nitroanthracene Dy 15 (+) 231.7>201.7 (18)
7-nitrobenz[a]anthracene 20 (+) 272.9>214.9 (25), 227.9 (14)
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