micro-extraction (SPME) (Arthur et al. 1992, Louch et al. 1992, Daughton et al.
1999, Mol et al. 2000, Kuch et al. 2001, Ternes et al. 2001, Lopez-Blanco et al.
2002, Braun et al. 2003). Furthermore, target EDCs that have highly polar
functional groups need to be derivatized prior to GC/MS analysis to reduce peak
tailing in the chromatogram and to improve the sensitivity, accuracy, and
reproducibility of the analysis (Jeannot et al. 2002, Xiangli et al. 2006, Yang et al.
2006, Zhang et al. 2006, Moder et al. 2007, Pan et al. 2008).

Although the conventional methods (LLE and SPE) for the extraction and
concentration of EDCs from environmental samples are effective, these methods
require intensive labor as well as the use of expensive and potentially harmful
organic solvents. Additionally, large sample volumes may be needed if the target
contaminant concentration is low (ng/L) (Lopez-Blanco et al. 2002, Chang et al.
2005, Zhang et al. 2006, Moder et al. 2007). In contrast, SPME does not require
organic solvents or large sample volumes, but it frequently exhibits a higher
detection limit (ug/L) (Lépez-Blanco et al. 2002). This may raise concern
because some EDCs are present at low concentrations in the environment.
Therefore, it is unclear which method (SPE or SPME) is preferable depending on
sample volume and target contaminant concentration.

Derivatization agents including N,O-bis-(trimethylsiyl) trifluoroacetamide
(BSTFA), N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), N-methyl-N-
(tert.-butyldimethyltrifluoroacetamide) (MTBSTFA), and pentafluorobenzyl
bromide (PFBBr) have been used with SPE (Mol et al. 2000, Jeannot et al. 2002,
Zhang et al. 2006, Moder et al. 2007) and SPME (Basheer et al. 2004,
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Carpinteiro et al. 2004, Basheer et al. 2005, Chang et al. 2005, Yang et al. 2006,
Pan et al. 2008, Negreira et al. 2009, Vifias et al. 2009). Some investigations
have compared derivatization agents and found BSTFA preferable to MSTFA or
bromoacetonitrile (BAN) (Hsu et al. 2007, Szyrwinska et al. 2007). The
comparison of derivatizing agent studies performed without a preceding
extraction step such as SPE or SPME. Therefore, it is still unclear if one
particular derivatization agent is preferable for use with SPE and/or SPME.
Lociciro et al. (2007) is found that MSTFA is more useful than the other
derivatization agent (bovine serum albumin (BSA), N-Trimethylsilyimidazole
(TMSI) and BSTFA). Szyrwinska et al. (2007) concluded that BSTFA is more
useful than BAN. BSTFA and MSTFA are useful for confirming the presence of
EDCs and its derivatization efficiency is almost the same (Basheer et al. 2005,
Szyrwinska et al. 2007, Zhou et al. 2007, Sebdk et al. 2008).

The purpose of this study was to compare analytical methods based on
SPE and SPME with derivatization followed by GC/MS for detection and
guantification of EDCs in water samples. We selected MSTFA and BSTFA over
other possible derivatization agents in this study because these two have been
observed to produce higher peak area than BAN, BSA, and TMSI. Derivatization
efficiency of MSTFA and BSTFA is almost same and useful to EDCs. | focused
on two particular EDCs, bisphenol-A (BPA) and 173-estradiol (E2), because they
are commonly found in wastewater effluents and receiving waters (Staples et al.
1998, Kolpin et al. 2002). BPA is a widely used monomer and an important
compound, which is used in epoxy and polycarbonate plastic and flame
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retardants (Desvrow et al. 1998). E2 is a steroid estrogen hormone involved in
high estrogenic activities (Desvrow et al. 1998, Hansen et al. 1998). The
important contributions of this chapter are: (1) we determine which derivatization
agent, MSTFA or BSTFA, is more effective in both SPE and SPME; and (2) we
determine which extraction method (SPE or SPME) is preferable depending on
operating factors such as the sample volume available and the concentration of

the target analyte in the sample.

3.2. Materials and Methods

Solutions of known concentrations of BPA and E2 were created in purified
water then those solutions were used to develop calibration curves for the
analytical methods described below. This enabled us to determine such
parameters as the method detection limit and the range of linearity of the
calibration curves, thereby giving us a basis with which to compare the extraction

methods and the derivatization agents.

3.2.1. Chemicals

Methanol (HPLC grade), BPA (purity grade > 99 %), E2 (purity grade > 99
%), 4-n-Nonylphenol (NP) (purity grade > 99.9), sodium chloride (NacCl, purity
grade > 99.5 %), BSTFA with 1% trimethylchlorosilane (TMCS), and MSTFA with

1% TMCS were purchased from Aldrich (WI, USA).
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3.2.2. Aqueous Samples

Primary stock standard solutions (1,000 mg/L) of each BPA and E2 were
prepared in methanol by dissolving 0.100 g of analyte into 100 mL methanol.
Stock solutions were stored at 4 °C in a refrigerator. Aqueous samples were
prepared daily by dilution of the stock solutions into deionized water. The
concentrations of the aqueous samples ranged from 1 ng/L to 100 pg/L for SPE,
and from 30 ng/L to 1 mg/L for SPME. The aqueous samples were prepared
from the primary stock solutions by diluting with deionized water, using
sequential dilutions when necessary to obtanin low concentrations. Methanol
content in the agueous samples was 0.1% or lower (by volume, before mixing) in
all aqueous samples, and is therefore considered negligible. For SPME
analyses, nonylphenol (NP) was spiked into the deionized water as an internal
standard. The concentration of NP in all SPME samples was 10 pg/L. Samples

were analyzed by SPE and SPME to compare the two methods.

3.2.3. Solid-Phase Extraction (SPE)

Here we describe the SPE method used to prepare a sample for analysis
by GC/MS. The procedure is also shown in Figure 3.1. Oasis HLB glass
cartridges (5 mL, 200 mg HLB) were purchased from Waters (Milford, MA) and
placed on a vacuum manifold (SPE 24-port Vacuum manifold, purchased from
Fisher). Figure 3.2 shows the extraction manifold (Vacuum Manifold) and pump.
The cartridges were conditioned with 40 mL of deionized water and 25 mL of
methanol, both of which were drawn through the cartridges under very low
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vacuum to remove residual bonding agents. A known volume of agueous
sample was subsequently loaded onto the cartridge and flowed through under
slight vacuum (flow rate = 60 mL/min). We tested different volumes of samples
ranging from 10 mL to 4 L, and different EDC concentrations ranging from 1 ng/L
to 100 pg/L. During the sample loading step, the target compounds are extracted

from the aqueous samples onto the SPE cartridges. After loading, the cartridges

Step 1: Conditioning.
The cartridge is conditioned with methanol and deionized water.
[5 mL methanol + 20 mL water + 20 mL methanol + 20 mL water]

v

Step 2: Loading.
A known volume of aqueous sample is loaded onto the cartridge
and flows through under slight vacuum.

v

Step 3: Washing.
The cartridge is washed with 20 mL of deionized water.

v

Step 4: Elution.
The target analytes (in this case, BPA and E2) are eluted off
the cartridge into 5 mL methanol.

v

Step 5: Evaporation.
The methanol is evaporated by a rotary evaporator (Buchi Rotavapor R-210),
leaving a residue that contains the target analytes.

v

Step 6: Derivatization.

Hydroxyl groups on the BPA and E2 molecule are silylated for improved
chromatography and detection. The BPA and E2 residue is reacted with 100 pL of
derivatization agent (BSTFA or MSTFA) in an oven at 65 °C for 25 min.

v

Step 7: Analysis.
1 pL of the derivatized sample is manually injected into the GC/MS for analysis.

Figure 3.1. Solid-phase extraction (SPE) method: Aqueous samples are loaded
onto an OASIS HLB glass cartridge, and then target analytes are
extracted from the cartridge with methanol.
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Figure 3.2. Extraction manifold (vacuum manifold) and pump

were washed with 20 mL of deionized water, and then dried for 5 min under
vacuum in order to remove the excess of water remaining on the cartridge. The
adsorbed analytes were eluted from the cartridges into 10 mL vials with 5 mL
methanol at a flow rate of 5 mL/min.

Due to the presence of polar functional groups in BPA and E2, which can
give rise to poor chromatographic peaks, derivatization was necessary. The
methanol eluent collected from SPE was evaporated with a rotary evaporator
(Buchi Rotavapor R-210). The dry residues were derivatized either by BSTFA

with 1% TMCS or by MSTFA with 1% TMCS. For either agent, 100 uL of
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derivatization reagent was added into each reaction vial. Then, the vials were
closed and placed in an oven at 65 °C for 25 min. Once the derivatization was
completed, 1 pL of the reaction mixture was injected into the GC/MS system in

30 min to avoid reaction inversion.

3.2.4. Solid-Phase Micro-Extraction (SPME)

SPME procedures were performed with a CombPAL auto-sampler (CTC
Analytics) using a polyacrylate (PA) fiber of 85 pym thickness. The procedure is
shown in Figure 3.3 and SPME fiber is shown in Figure 3.4. The PA fibers were
purchased from Supelco. The PA fiber has higher extraction capacities for
phenols, anilines, amides, and many drugs and pesticides. In addition, PA fiber
has more efficient and linear range of response over a wide range of phenols
concentration in water samples than polydimethylsiloxane (PDMS) fiber (Endo et
al. 2011). Each fiber was conditioned in the injector of the GC for 90 min at 280
°C before its first use, as described in Supelco’s conditioning instructions.
Conditioning was followed by blank analysis to determine the conditioning
quality. For sample analysis, 10 mL of aqueous sample was placed into a vial
with 1.75 g NaCl. Vials were sealed with Teflon-coated silicone septa held by
open-top screw caps. SPME extraction was performed by piercing the septum of
the sample vial with the autosampler needle and immersing the PA fiber into the
aqueous sample. Extraction was performed at 45 °C, controlled by the
CombiPAL auto-sampler. During extraction, the samples were continuously
agitated with an agitating block at about 400 rpm for duration of 50 min, which we
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had previously determined was sufficient time to reach equilibrium. After
extraction, the fiber was transferred into the headspace derivatization vials. The
headspace derivatization vial contained 1 mL of derivatization reagent and was
maintained at 70 °C with a heating block. The SPME needle pierced the septum
and the fiber was exposed to the headspace. This allows the EDCs absorbed
on the fiber to be derivatized with either BSTFA (1% TMCS) or MSTFA (1%
TMCS) vapor rising from the bottom of the vial. During derivatization, the vial
was continuously agitated with an agitating block at about 250 rpm. After 5 min
of derivatization, the SPME fiber was withdrawn from the derivatization vial and
inserted into the GC injection port to perform thermal desorption. The

temperature of the injection port was 280 °C, and the desorption time was 3 min.

Step 1: Internal Standard.
Nonylphenol is added to the aqueous sample at a concentration of 10 pg/L.

v

Step 2: Extraction.

BPA, E2 and NP are extracted from the aqueous sample onto a polyacrylate fiber (85 um
thick). Sample volume = 10 mL; extraction time = 50 min; NaCl added to sample to 3.0
M; extraction performed at 45 °C.

v

Step 3: On-fiber derivatization.

The fiber is inserted into the head space of a vial containing BSTFA or MSTFA as a derivatizing
agent, allowing BPA, E2 and NP to be derivatized while sorbed to the fiber. Derivatization time =5
min; derivatization performed at T = 70 °C in the autosampler’s hot plate.

v

Step 4: Analysis.
The fiber is inserted into the injection port of the GC/MS and held there for 3 min at 260 °C,
allowing the derivatized BPA, E2 and NP to desorb from the fiber and enter the GC/MS.

Figure 3.3. Solid-phase micro extraction (SPME) method: Target analytes in
aqueous samples are extracted and concentrated onto a fiber. The
procedure is fully automated on the Combi-PAL auto-sampler.
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3.2.5. GC/MS Instrumentation and Operating Conditions

Analyses were carried out on a Varian CP-3800 gas chromatograph
directly connected to a Saturn 2000 ion-trap mass spectrometer (Varian).
GC/MS is shown in Figure 3.5. A HP-5MS capillary column (30 m x 0.25 mm
i.d., 0.25 pm film, 5% phenyl-dimethylsiloxane phase, Agilent) was used for
chromatography.  Helium (99.9995% purity) was used as carrier gas at a
constant flow rate of 1.0 mL/min. The injection port temperature was 280 °C with
splittess mode. The GC oven temperature program was as follows: hold for 1
min at 80 °C, increase at 15 °C/min to 240 °C, hold for 1 min, increase at 10
°C/min to 280 °C, and hold for 5 min. Data acquisition was performed in full scan
mode measuring from m/z 69 to 614. The transfer line temperature of the
GC/MS was set at 170 °C, and the manifold temperature was set at 160 °C. The
electron emission current of GC/MS was 10 pA (70 eV), multiplier voltage was
1500 V, and automatic gain control (AGC) target was 20,000.

BPA, E2, and NP were quantified by the area of the peak corresponding to
a particular fragment on the MS. We refer to these fragments as the diagnostic
ions for each compound. The m/z ratios for the diagnostic quantitative ions are
357 for BPA, 416 for E2, and 179 for NP. These m/z ratios correspond to major

peaks in the mass spectra of the derivatized (silylated) compounds.

38



A Safeand Healthy

Environment
with ASTM Standards

Figure 3.5. Gas Chromatography Mass Spectrometry (GC/MS)
[Varian CP-3800 GC, Saturn 2000 GC/MS, Combi PAL auto sampler]

3.2.6. Method Detection Limit for SPME

Seven replicate samples of concentration 30 ng/L were analyzed by
SPME to determine the method detection limit (MDL) based on USEPA
procedure 40 CFR, part 136. With this method, the MDL is calculated as the
standard deviation of replicate analyses times the student’s t value for the 99%
confidence level with n—1 degrees of freedom (Ripp, 1996). The procedure was

conducted for both BPA and E2 at concentrations of 30 ng/L.
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3.3. Results

The retention times and mass spectra of the target EDCs (BPA and E2)
and the internal standard (NP) were recorded. Retention times are shown in
Table 3.1 for both the derivatized and non-derivatized forms of the chemicals.
Retention times increased by about 0.1 min for most silylated compounds

compared to the non-derivatized compounds.

Table 3.1. Retention time (RT) and mass spectrometric data for endocrine
disruptors and their silylated derivatives

Compound Not derivatized Derivatized

RT (min)  Diagnostic ion RT (min)  Diagnostic
ion
4-Nonylphenol 10.03 220 10.10 179
Bisphenol-A 12.65 213 12.78 357
170)-Estradiol 16.31 272 16.45 416
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Lépez-Blanco et al. (2002) and Braun et al. (2003) compare the SPE and
SPME concluded that both extraction methods are good for EDCs extraction
because a dilute aqueous sample can become a more concentrated sample.
Jeannot et al. (2002) and Zhang et al. (2006) studied SPE method with BSTFA
derivatization agent. Chang et al. (2005) studied SPME method with BSTFA
derivatization agent. They concluded that derivatization is useful step for
effective detection by GC/MS. Because highly polar compounds do not give
sharp chromatographic peaks in GC, it is difficult to get a good chromatographic
peak. The derivatization reduces the polarity of compounds and thus procuces
sharp peaks helping better detection. Yang et al. (2006) investigated the
optimized condition for SPE and SPME with derivatization. Szyrwinska et al.
(2007) compare different kind of derivatization agent and concluded that BSTFA
is more useful than BAN. The comparison test is required for selection of which
extraction method (SPE and SPME) and which derivatization agent (BSTFA and

MSTFA) is “better” to detect and quantify the EDCs in water samples.

3.3.1. SPE: Calibration Curves

The calibration curves of EDCs extracted by SPE are presented in Figures
3.6 and 3.7 as measured peak area versus injected EDC mass. The injected
EDC mass is calculated as the volume, V, of sample loaded onto the SPE
cartridge (ranging from 20 mL to 4000 mL) times the concentration, C, of target

EDC in the sample (ranging from 0.001 pg/L to 100 pg/L).
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For BPA (Figure 3.6), the calibration curve was generated from samples
that met three criteria: the concentration Cgpp Was between 0.010 pg/L and 100
Mg/L; the sample volume V was between 20 mL and 4000 mL; and the BPA mass
loaded (M = V*Cgpa) was between 30 ng and 5000 ng. The third criterion
implies, for instance, that for samples where we used a volume V =100 mL, the
calibration curve includes all results for which 0.30 pg/L < Cgpa < 50 ug/L, but not
for samples outside this concentration range. As can be seen from Figure 3.6,
the measured peak area is linear with respect to the BPA mass injected for

samples meeting the three necessary criteria.
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Figure 3.6. Calibration curves for BPA samples extracted by SPE. Top panel:
derivatized with BSTFA. Bottom panel: derivatized with MSTFA.
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For E2 (Figure 3.7), similar behavior was observed, but the range of
linearity was even greater for E2 than it was for BPA. For E2, the calibration
curves were generated from samples which met the following three criteria: the
concentration Cg, was between 0.010-100 ug/L; the sample volume V was
between 20-4000 mL; and the E2 mass loaded (M = V*Cg,) was between 20 ng
and 20,000 ng. The third criterion implies, for instance, that a sample volume of
V=500 mL could be used to quantify concentrations in the range 0.040
Mg/l < Cg2 <40 pg/L. As can be seen from Figure 3.7, the measured peak areas
were linear (log scale) with respect to the E2 mass injected for samples meeting
these criteria.

For both BPA and E2, we did test several samples that did not meet one
of the requisite criteria (e.g., samples of concentration C <10 ng/L, or samples
for which V*C is not in the specified range). These samples generally did not
follow the same linear behavior, and are not included in Figures 3.6 and 3.7.
Hence, there is some limitation on the range of linearity for the SPE method,; if
the concentation is too low or too high, the measured peak area is not likely to
fall on the calibration curves provided. However, this limitation is not severe;
simply by choosing the sample volume appropriately, the SPE method may be
applied to samples of BPA or E2 in the concentration range 10 ng/L to 100 pg/L,
a range of four orders of magnitude. We found that C = 10 ng/L is a practical

lower limit of quantification for the SPE method for both BPA andE2.
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Figure 3.7. Calibration curves for E2 samples analyzed by SPE. Top panel:
derivatized with BSTFA. Bottom panel: derivatized with MSTFA.
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3.3.2. SPME: Calibration Curves

The calibration curves of EDCs extracted by SPME are presented in
Figures 3.8 and 3.9 as ratio of peak areas versus aqueous EDC concentration.
The ratio of peak areas is the quotient of the measured area of the diagnostic ion
for the target EDC (either BPA or E2) divided by the measured area of the
diagnostic ion for the internal standard (NP). We found that the performance of
the SPME fibers changes over time, and therefore it is not acceptable to use only
the peak area of the BPA or E2 fragment; the fragment area must be normalized
by that of the internal standard to account for the transient behavior of the SPME
fibers (and for other sample-to-sample variability of the automated SPME
procedure).

Figure 3.8 shows that the calibration curves are linear with respect to EDC
concentration in the high concentration range (50-1000 pg/L). However, at lower
concentration ranges, we consistently found that the ratio of peak areas was not
linear with respect to the EDC concentration. Figure 3.9 is presented on
logarithmic axes, and it is observed that the calibration curves in the lower
concentration range (0.030-30 ug/L) are log-linear but not linear. In general, it is
expected that SPME should produce a linear response factor, and if deviation
from linearity is observed, it is more likely to be in the high concentration range
(i.e., if the SPME fiber becomes saturated) rather than in the low concentration
range (Tuduri et al. 2003). Hence, the behavior observed here is unexpected.

However, we consistently observed this deviation from linearity in the low
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concentration range, for both BPA and E2, and with both MSTFA and BSTFA

derivatization agents.
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Figure 3.8. Calibration curves for BPA and E2 extracted by SPME, high
concentration range (50-1,000 pg/L).
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For analysis using SPME, we observed that the calibration curves depend
on the individual SPME fiber employed, and hence a calibration curve developed
with one fiber would not be applicable to analyses performed with a different
fiber. For instance, in comparing Figures 3.8 and 3.9, it can be seen that the
ratio of BPA/NP areas is often higher in the low concentration range (Fig. 3.9)
than in the high concentration range (Fig. 3.8). This is because the SPME fiber
was changed between analyses of the different concentration ranges. Hence,
only data collected with the same SPME fiber may be compared to each other.
For the experimental procedure employed in this study, we observed that a
single SPME fiber can be used for somewhere between 20 and 30 samples

before it must be changed.

3.3.3. SPME: Method Detection Limits and Performance

Replicate analysis of BPA and E2 samples at concentration 30 ng/L
allowed us to determine the method detection limit (MDL) of the SPME
procedure. For both target analytes, the MDL was found to be 10 ng/L when

MSTFA was used, and 15 ng/L when BSTFA was used.

3.4. Discussion
3.4.1. Selection of Derivatization Agent (MSTFA or BSTFA)

When using SPE to extract the target analytes from aqueous solution,
either MSTFA or BSTFA may be used. Examination of Figures 3.6 and 3.7
shows that the calibration curves are nearly identical for the two derivatization
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agents. For analysis of BPA (Fig. 3.6), the slopes of the calibration curves differ
by only about 7% for the two derivatization agents. For analysis of E2 (Fig. 3.7),
the slopes differ by only about 1%.

However, for on-fiber derivatization during the SPME extraction, MSTFA
was consistently found to result in larger peak areas for the diagnostic ions as
compared to BSTFA. This suggests that MSTFA would probably result in more
reliable analysis (higher signal-to-noise ratios) of target EDCs in the low
concentration range. Furthermore, MSTFA produced higher BPA/NP and E2/NP
ratios than BSTFA, as can be seen from both Figure 3.8 and Figure 3.9;
however, a higher ratio of peak areas does not necessarily mean a “better’
analysis. If, for instance, nonylphenol had been the target analyte and 17[3-
estradiol had been the internal standard, then MSTFA would likely have resulted
in lower NP/E2 peak ratios, but would still probably be preferable to BSTFA
because the magnitude of all measured peak areas is larger. The larger peak
areas produced with MSTFA may be a result of MSTFA having a higher vapor
pressure than BSTFA (Shareef et al. 2006, cf. Donike 1969), and therefore being
present at a higher concentration in the head space during the on-fiber
derivatization step of the SPME analysis. However, we were not able to find
measured values of vapor pressure of MSTFA and BSTFA to support this
hypothesis; hence, the reason for the higher peak areas obtained with MSTFA is

still uncertain.
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3.4.2. Selection of Extraction Method (SPE or SPME)

The selection of which extraction method is “better” depends on a number
of factors, such as time, money, the amount of sample volume available, and the
expected concentration range of the samples to be analyzed.

When either time or sample volume is a limiting factor, SPME may be
preferable to SPE. The SPME method is much less labor-intensive because it
can be automated by the CombiPAL auto-sampler. The SPE method, however,
requires multiple steps that must be performed by hand. Also, although SPE was
successful with sample volumes as low as 20 mL, the effective detection limit
increases as the sample volume decreases (because the calibration curves are
linear only if V*C satisfies a minimum criterion). With a sample volume of 20 mL,
our SPE procedure is applicable to BPA concentrations down to 1.5 pg/L and E2
concentrations down to 1.0 pg/L. In contrast, the SPME method requires a
sample volume of only 10 mL and had a method detection limit of 0.010 pg/L for
BPA and 0.015 pg/L for E2.

However, there are also conditions under which the SPE method may be
preferable to SPME. The SPME method has a higher materials cost because
SPME fibers are relatively expensive and can only be used for approximately 20—
30 analyses (based on the conditions of our method), some of which must
include calibration standards, because the instrument must be re-calibrated each
time the fiber is changed. Hence, each sample analyzed by SPME is costly. In
contrast, SPE cartridges are relatively inexpensive, and we found that a cartridge
may be used multiple times (six times were tested) without loss of performance.
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Also, the SPE calibration curves were linear over several orders of magnitude,
whereas the SPME calibration curves were linear only in the high concentration
range (50 pg/L — 1,000 pg/L) and were log-linear at lower concentration ranges.
Therefore, if a number of samples must be analyzed which might consist of
widely varying concentrations, SPE is probably preferable to SPME because of
its much wider range of linearity.

In terms of detection limits, we found that about 10 ng/L was a practical
lower limit of analysis for either method. With SPME, the method detection limit
was determined to be 10 ng/L for BPA and 15 ng/L for E2. With SPE, the
calibration curve was found to be linear with respect to concentration only if the
concentration was 10 ng/L or higher. Hence, neither method offered a significant
advantage in terms of detection limit, as long as sufficient sample volume is

available for the SPE method.

3.5. Conclusions

The purpose of this study was to compare analytical methods based on
SPE and SPME with derivatization followed by GC/MS for detection and
guantification of EDCs in water samples. Two particular EDCs, bisphenol-A
(BPA) and 17pB-estradiol (E2) was focused on this chapter. The important
contributions of this paper are: (1) | determined which derivatization agent,
MSTFA or BSTFA, is more effective in both SPE and SPME; and (2) |

determined which extraction method (SPE or SPME) is preferable depending on
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operating factors such as the sample volume available and the concentration of
the target analyte in the sample.

With regard to derivatizing agent, either MSTFA or BSTFA may be used
when SPE (HLB cartridge) is the extraction method. Calibration curves were
nearly identical for the two derivatization agents. For on-fiber derivatization
during the SPME extraction, MSTFA was consistently found to result in larger
peak areas for the diagnostic ions as compared to BSTFA. This suggests that
MSTFA would probably result in more reliable analysis (higher signal-to-noise
ratios) of target EDCs in the low concentration range. | suspect that the larger
peak areas produced with MSTFA may be a result of MSTFA having a higher
vapor pressure than BSTFA, and therefore being present at a higher
concentration in the head space during the on-fiber derivatization step of the
SPME (PA fiber) analysis. With regard to extraction method, the selection of
which method is “better” depends on a number of factors, such as time, money,
the amount of sample volume available, and the expected concentration range of
the samples to be analyzed. When either time or sample volume is a limiting
factor, SPME may be preferable to SPE, because the SPME procedure can be
automated on the CombiPA auto-sampler, and because the SPME method
allows a low detection limit with only 10 mL of sample. The SPE method is labor-
intensive and requires large sample volumes to achieve low detection limits.
There are also conditions under which the SPE method may be preferable to
SPME. The SPE method has a significantly lower materials cost, despite the
need for an extraction solvent like methanol, because SPME fibers are relatively
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Figure 5.13. Concentration of EDCs as a function of time in reactors with a 2-day
anaerobic cycle. Nitrate and sulfate was provided as an electron
acceptor for anaerobic cycles. (a) nitrate as a electron acceptor (left
side), (b) sulfate as a electron acceptor (right side).
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5.3.6. Mass Balance of EDCs

Mass balance of EDCs is checked before and after the reaction. Figure
5.14 shows the mass balance of EDCs in sorption test (reactor C1 and C2),
nitrate reducing condition (reactor NS2 and NS3), and sulfate present condition
(reactor S2 and S3). Figure 5.14 compares the spiked and final amount of EDCs.
Spiked amount of BPA and E2 is 3,000 pg for reactor C1 and C2, 3,300 ug for
reactor NS2, NS3, S2, and S3 (respike once). After finishing the reaction,
aqueous and soil samples were collected and analyzed by GC/MS. 5 samples of
aqueous phase and soil were tested, and the average results are shown in
Figure 5.14. In statistical t-test, the t value is equal to or less than 0.05. Average
results, standard deviation, and sampling mass of EDCs are shown in Table 5.2.
During test | collected 89 samples for 2-day cycles (reactor NS2 and NS3), and
89 samples for 2-day cycles (reactor S2 and S3). Each sample was 10 ml and
contained BPA and E2. Therefore a significant mass of the EDCs were removed
from reactors during sampling and must be taken into account in the mass
balance. EDCs in aqueous phase were extracted by SPME, and in soil were
extracted by methanol. 2 g soil samples were collected and dried at room
temperature (20 °C, 24 hr), and 10 mL methanol was inserted into soil and
shaken for 24 hrs in a 40 ml glass vial. Methanol was separated by centrifuge
and evaporated by gentle nitrogen gas. It was derivatized by MSTFA and
detected by GC/MS. Final EDCs amount is showen in Figure 5.14. In reactor C1
and C2, where biodegradation was suppressed by NaNs, the average recovery of
BPA was 96.8 % and the average recovery of E2 was 98.3 %. In reactor NS2
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and NS3, average recoveries were 70.1 % and 61.1 % for BPA and E2
respectively. In reactor S2 and S3, average recoveries were 82.6 % and 86.9 %.
This shows that biodegradation was minimal in the sorption control tests and
biodegradation amount of EDCs in nitrate reducing conditions (reactor NS2 and

NS3) is higher than sulfate present conditions (reactor S2 and S3).
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Figure 5.14. Mass balance of EDCs in agueous and soil with a control test and
2-day anaerobic cycles. Nitrate and sulfate was provided as an
electron acceptor for anaerobic cycles.
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Table 5.2. Mass balance of EDCs in aqueous and soil with a control test, 2-day
and 4-day anaerobic cycle. Nitrate and sulfate was provided as an
electron acceptor for anaerobic cycles. Average data from 5
samples and standard deviation.

C1l Initial BPA Final BPA Initial E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 84 120
Aqueous 2951 39 330 8 2974 27 630 12
Soil 2453 29 2183 29
Total 2951 39 2867 23 2974 27 2933 21
C2 Initial BPA Final BPA Initial E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 79 112
Aqueous 2964 25 333 6 2983 17 633 12
Soil 2442 20 2178 35
Total 2964 25 2854 20 2983 17 2923 25
NS2 Spiked mass of BPA Final BPA Spiked mass of E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 53 69
Agueous 3249 52 228 6 3267 45 183 9
Soll 2005 26 1670 28
Total 3249 52 2286 23 3267 45 1922 34
NS3 Spiked mass of BPA Final BPA Spiked mass of E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 54 78
Aqueous 3216 26 219 7 3258 32 222 9
Soil 1967 21 1767 26
Total 3216 26 2240 22 3258 32 2067 34
S2 Spiked mass of BPA Final BPA Spiked mass of E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 58 113
Agqueous 3237 17 293 13 3240 13 628 12
Sall 2346 16 2086 23
Total 3237 17 2697 29 3240 13 2827 34
S3 Spiked mass of BPA Final BPA Spiked mass of E2+E1 Final E2+E1

Average S.D. Average S.D. Average S.D. Average S.D.
Sample 59 114
Aqueous 3256 15 312 10 3234 14 642 11
Soil 2292 12 2037 15
Total 3256 15 2663 21 3234 14 2793 26
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5.3.7. Sorption vs Biodegradation

Figure 4.3 shows the results of sorption test, because there is no
microbiological activity. Initial concentration of EDCs is 1,000 ug/L, and final
concentration is 210 pg/L for E2 and 110 ug/L for BPA after 24 hr. The
concentration of EDCs is not change after 24 hr in control test for sorption test,
but the concentration of EDCs is change in nitrate reducing and sulfate present
cycles test. In the beginning part of reaction (0 -24 hr), sorption is the main
EDCs removal mechanism but the biodegradation is exist, so the EDCs is
decreasing continually (Figure 5.9 and 5.11). E1 (bio-transformed from E2) is
observed in reactor NS2, NS3, S2, and S3, but it is not observed in reactor C1
and C2. Because the concentration of BPA is 110 pg/L and E2 is 210 pg/L in
aqueous phase of control test after 24 hr, the difference concentration of EDCs
between abiotic test (reactor C1 and C2) and biotic test (reactor NS2, NS3, S2,

and S3) is biodegradation.
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5.4. Conclusions

In this Chapter the simulated SAT reactor with different electron acceptor
(nitrate and sulfate) and compare the lag time and EDCs bioremediation. The
important innovation is that the biodegradability is differentiated depend on
different electron acceptor. Nitrate and sulfate as the electron acceptor of
anaerobic condition affects the biodegradation of EDCs during anaerobic
condition in alternating system under simulated SAT reactor. And it affect the
duration of lag time and different biodegradability of EDCs in the aerobic cycle
during alternating aerobic/anaerobic conditions. In nitrate reducing condition, the
EDCs biodegradability is much higher than sulfate present condition. The lag

time is longer in sulfate present condition than nitrate reducing condition.
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CHAPTER 6

CONCLUSIONS

The important innovation in this study is the linkage of the observed EDCs
degradation to the prevailing redox conditions in the simulated SAT system. This
project will help SAT to become a viable means of providing a sustainable and
low-cost supply of clean water around the world.

Important conclusions from this work include: (1) The comparison between
SPE and SPME provided useful guidance to scientists and engineers who are
trying to develop and select a useful analytical procedure for EDCs in aqueous
samples at the ng/L to pg/L range; (2) A broader range of concentrations with
large sample volumes can be analyzed by SPE, and it has a lower material cost,
but more labor is required; (3) Small sample volume and limited range of
concentration can be analyzed by SPME, and it is expensive due to frequent
replacement of fiber, but less labor-intensive; (4) MSTFA yield higher peak areas
than BSTFA for headspace (on-fiber) deriviatization during SPME; (5) E2 is
biodegraded during aerobic, anoxic and anaerobic cycles, but BPA is
biodegraded only during aerobic cycles; (6) The lag period is observed whenever
the redox condition in the systems is switched and there is no biodegradation of
EDCs during lag time; (7) The long anaerobic cycle (4-day) cause long lag time
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for biodegradation in the aerobic cycle. So, anaerobic cycles should not last
longer than 4 days because longer anaerobic condition cause the longer lag time
and lower EDCs biodegradability; (8) Nitrate reducing condition is more suitable
than sulfate present condition in EDCs biodegradation in alternating SAT system
between aerobic and anaerobic condition.

| expect this research to have an impact at the national and international
level, for several reasons. First, interest in water reuse is increasing rapidly, both
in the US and abroad (Metcalf and Eddy 2007). Second, | am, to the best of my
knowledge, the first researcher to consider biodegradation of EDCs under
alternating aerobic/anaerobic conditions. These alternating cycles are likely to
control biodegradation of EDCs not only during SAT, but also during other low-
cost water-treatment strategies such as riverbank filtration, which is widely
applied in Europe. Third, the results of this work have important practical
implications for the management of SAT systems. For instance, | am the first to
demonstrate how the operating parameters (e.g., length of flooding and drying
cycles) affect the quality of the re-used water. Thus, as a result of this project,
we may be able to determine the optimal length of flooding and drying cycles
required to ensure that the targeted contaminants are removed during
percolation through the vadose zone. Hence, | anticipate that this project will
have a significant impact on our ability to provide a sustainable water supply at

low cost.
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