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The Deepwater Horizon Gulf Spill highlighted key deficiencies associated with 

our ability to analyze contaminants in biological tissue in a timely manner.  These 

deficiencies in laboratory capacity and preparedness demonstrated a critical need to 

develop and validate high-throughput analytical methods capable of rapid and accurate 

quantification of organic pollutants in biological tissue from aquatic environments.  High-

throughput methods offer distinct advantages over historical methods, namely a reduction 

in the intrinsic costs associated with the sample preparation: time, solvents, labor, 

laboratory space, training, and potential loss of analytes.  Sample preparation steps for the 

analysis of organic pollutants represent ~2/3 of the analytical cost, and are often the 

logistical bottleneck for laboratory capacity and preparedness.   

An enhanced pressurized liquid extraction (ePLE) method was developed for 

simultaneous analysis of pharmaceuticals and personal care products (PPCPs) in fish 

tissue and was utilized in a nationwide PPCP study conducted in Germany.  The 

developed high-throughput method incorporated silica gel cleanup with PLE and 

improved the method sensitivity by optimizing resonant collision induced dissociation 



 

energy through ion-trap mass analyzer.  The nationwide PPCP study found that the 

proximity of sampling locations to the upstream wastewater treatment plant discharging 

point and mean annual flow at the sampling locations were found to significantly 

powerful predictor of galaxolide and tonalide fish tissue concentrations (galaxolide: r2 = 

0.79, p = 0.021 and tonalide: r2 = 0.81, p = 0.037) in Germany.  Galaxolide and tonalide, 

both polycyclic musk fragrance materials, in German fish tissues were ~19 and ~28× 

lower, respectively, as compared to similar nationwide PPCP study in the United States. 

Similarly, a high-throughput ePLE method was developed for polychlorodibenzo-

p-dioxins/furans (PCDD/Fs) and dioxin-like polychlorobiphenyls (dl-PCBs) by 

incorporating pressurized liquid extraction and multiple cleanup techniques.  Sample 

preparation time and solvents were reduced as much as 95% and 65%, respectively, as 

compared to a conventional USEPA Method 1613.  ePLE extracts were sufficiently clean 

for high resolution mass spectrometry analysis of PCDD/Fs and dl-PCBs in fish tissues 

from San Jacinto River Waste Pits, a Superfund site in Houston, TX. 
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CHAPTER ONE 
 

Introduction 
 
 

The Analysis of Emerging and Historical Pollutants in Biological Matrices 

Historical analytical methods developed for the analysis of organic contaminants 

in biological matrices often have limited throughput capabilities.  A recent example of 

these limitations was highlighted during the Deepwater Horizon Gulf Oil Spill.  Our 

national laboratories assigned with rapid contaminant analysis were quickly 

overwhelmed with biological tissue samples.  These deficiencies in laboratory capacity 

and preparedness demonstrated a critical need to develop and validate high-throughput 

analytical methods capable of rapid and accurate quantification of organic pollutants 

from biological tissue, especially from aquatic environments.  The low-cost and high-

throughput analytical methods are crucial for contaminant analysis during environmental 

catastrophes.  These methods can also improve our ability to characterize the extent of 

contamination on a national, regional or local site-specific scale, such as a Superfund site.  

As compared to historical analytical methods, low-cost high-throughput analytical 

methods offer distinct advantages, namely a reduction in the intrinsic costs associated 

with the sample preparation: time, solvents, labor, laboratory space, training, and 

potential loss of analytes.   

Historically during sample preparation, biological tissues are homogenized and 

then extracted utilizing a solid-liquid extraction technique, such as Soxhlet.  After 

extraction, potential interferences are typically removed with a series of adsorbent packed 
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open column chromatographic techniques and/or gel permeation chromatography, and 

extracts are analyzed using the necessary instrumentation, such as GC-MS or LC-MS (1, 

2).  Sample preparations comprised of sample pre-treatment, extraction, and cleanup 

representing approximately 2/3 of the analytical cost, and are often the logistical 

bottleneck for laboratory capacity and preparedness (3).  Historical methods of sample 

preparations are time-intensive; for an example, Soxhlet extraction requires multiple 

extraction cycles (4–6 cycles per h) for ~16–24 h (4).  Similarly, historical methods of 

sample preparations are also cost-intensive due to the inherent costs associated with 

labor, large organic solvent volumes, and laboratory training and space.  For example, the 

analytical costs associated with dioxin analysis in feedstock during the 1999 dioxin crisis 

in Belgium ranged between $1000–2000 per sample (5, 6).   

The analysis of historical organic contaminants such as polychloro-dibenzo-p-

dioxins (PCDDs), polychloro-dibenzo-furans (PCDFs), and PCBs in biological matrices 

typically includes Soxhlet extraction followed by time-intensive multiple adsorbent-

packed open column chromatographic techniques and/or gel permeation chromatography 

(7).  The typical chromatographic technique is comprised of adsorbent conditioning, 

interference pre-elution, analyte elution, and eluate concentration.  As a result, the sample 

preparation time required for an individual sample may extend upwards of 48 h.   

Similarly, analysis of select emerging contaminants such as pharmaceuticals and 

personal care products (PPCPs) also involve multiple analytical methods, separate 

extraction and cleanup strategies, and often report limited sensitivity (8-10).  For 

example, Kolpin et al. (10) utilized five independent analytical methods for PPCPs 

including pharmaceuticals, hormones, and other organic wastewater contaminants 
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analyses in wastewater effluent dominated water of 39 streams from 30 states of the 

United States.   Three of those methods involved solid phase extraction followed by LC-

MS analysis and others two involve whole-water continuous liquid-liquid extraction 

followed by GC-MS analysis.  Similarly, Ramirez et al. (8) utilized two independent 

analytical methods for measuring pharmaceuticals and PCPs in fish that were collected in 

wastewater effluent dominated streams from 5 different states of the United States.  

Moreover, Mottaleb et al. (9) utilized post-extraction silica gel cleanup while analyzing 

PCPs in fish tissues.   

Fundamentals of Pressurized Liquid Extraction 

PLE is an exhaustive extraction technique for solid or semi-solid matrices using 

solvents in liquid state at high pressure (500–3000 psi) and temperature (50–200 0C) 

higher than their boiling point (11).  Typically, sample homogenates were placed over the 

cellulose filter paper inside an extraction cell (1–100 mL capacity), and extracted at 

optimized extraction conditions including temperature, pressure, solvent, number of 

cycles, and extraction times.  PLE was employed for the first time in 1996 to determine 

PAHs from solid samples, approximately a year after Dionex described the accelerated 

solvent extractor (ASETM) as a new technique for sample preparation (11).  PLE was 

well-received and ~2000 articles published within 1996–2002 utilizing PLE for the 

extraction of organic contaminants from a variety of matrices (12).  The numbers of 

research publications utilizing PLE technique have been increasing (Figure 1.1).  PLE has 

been applicable to diverse classes of extractable organics such as pesticides, PCDD/Fs, 

PCBs, polybrominated diphenyl ethers, polynuclear hydrocarbons, select natural 

products, as well as emerging contaminants such as PPCPs.  PLE has been described in 
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the literature under a variety of terms including PFE, pressurized hot solvent extractor, 

high-pressure solvent extractor, and sub-critical solvent extractor  (12).  EPA endorsed 

ASE by adopting USEPA method 3545 in July 1994 for extraction of volatile and semi-

volatile compounds from soil, sludge, clay, sediments, and waste solids using organic 

solvents at high temperature and pressure (13). 

PLE enables the reduction in solvent volume, analysis time, and sample 

preparation cost besides an increased precision of analyte recoveries (14).  Higher 

efficiency of PLE as compared to other techniques is mainly due to the extraction using 

organic solvents at temperature higher than their boiling point.  The elevated pressure 

keeps the extraction solvents in the liquid state even at a higher temperature than their 

boiling points.  Enhanced performance at elevated temperature and pressure are mainly 

due to the disruption of surface equilibria as well as solubility and the mass transfer effect 

(11, 15).  The disruption of surface equilibria occurs when thermal energy overcome 

cohesive (solute-solute) and adhesive (solute-matrix) energy by lowering the energy of 

activation required for desorption process.  The capacity of solvents to solubilize analytes 

is higher at elevated temperature.  Therefore, increased solubility of water in organic 

solvent at elevated temperature facilitates the availability of analytes inside water-sealed 

pores in sample matrix (11).  Moreover, higher temperature lowers surface tension of 

solvent and the viscosity of solvent.  This improves the extraction solvent’s ability to wet 

the matrix and particle penetration, respectively.  The high-pressure increases solvent-to-

analyte contact throughout the matrix and matrix pores as well as increases the solubility 

of trapped gases (11, 15). 
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Figure 1.1.  PLE and ePLE literature availability.  Inset depicts the literature availability 
of analytical techniques employed after PLE (post-extraction cleanup) and ePLE (Source: 
SciFinder®).  (*literature available until September 4, 2012 were included). 

Enhanced Pressurized Liquid Extraction 

 Enhanced pressurized liquid extraction (ePLE) expands on historical PLE 

techniques by layering known sample preparative materials/and or adsorbent(s) beneath 

the sample homogenates within the ASE cell (16).  During ePLE, analytes and 

interferences are extracted from the sample and subsequently partition between the 

pressurized extraction solvent and the adsorbents within the ASE cell (16).  Clean 

extracts from ePLE studies were analyzed predominantly utilizing GC-MSn, even though 

PLE extracts have been analyzed employing GC-MSn as well as LC-MSn almost equally 
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(Figure 1.1).  Several analytical terms were used to explain cleanup adsorbents 

incorporation into ASE cell for simultaneous extraction and cleanup such as ePLE, PLE 

in-cell cleanup, selective PLE technique, and in-situ cleanup (16-22).   

Polar and non-polar adsorbents were incorporated with PLE.  Alumina and silica 

gel are two primary ePLE adsorbents used for the removal of polar interferences from 

biological tissue (18, 23).  The less polar adsorbents such as Florisil®, graphitized carbon 

black, and C-18 silica were also incorporated with PLE to remove potential interferences 

including large biomolecules (24-28).  Analytes that were potential interferences to each 

other were fractionated historically using open-column adsorption chromatography  (7, 

29).   

USEPA  method 1613 for analyzing PCDD/Fs in diverse matrices includes pre-

conditioning of a Celite®/CarbopackTM column with multiple solvent combinations, 

interferences elution with multiple solvent combinations, column inversion, and 

PCDD/Fs elution using toluene (7).  These multi-step techniques are again labor-

intensive, cost-intensive, and have great potential environmental impact due to their large 

organic solvent volume requirements.  Subedi and Usenko (16) employed ePLE 

evaluating fractionation efficiency of CarbopackTM/Celite® for the separation of 

PCDD/Fs and dl-PCBs from fish tissue.  This high-throughput low-cost analytical 

method incorporated the necessary extraction and sample preparative adsorbent(s) (silica 

gel, Florisil®, alumina, and CarbopackTM/Celite®) into a single automated technique (16). 

  Compared to USEPA Method 1613, this method provides remarkable reduction 

in the intrinsic costs associated with the sample preparation time (~95% reduction), the 

volume of consumed solvents (~65% reduction), and potential loss of analytes.  The 
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surrogates’ recoveries from ePLE were 72–103% as compared to that of 17–197% from 

USEPA Method 1613 (16).  Similarly, Subedi et al. (30) utilized ePLE incorporating 

silica gel for the analysis of PCPs in GESB fish tissue from 13 river sites and 1 lake site 

as a German nationwide study.   
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CHAPTER TWO 
 

Simultaneous Analysis of Select Pharmaceuticals and Personal Care Products in Fish 
Tissue Using Pressurized Liquid Extraction Combined with Silica Gel Cleanup  

 
This chapter published as: Subedi, B.; Mottaleb, M. A.; Chambliss, C. K.; Usenko, S. 

Simultaneous analysis of select pharmaceuticals and personal care products in fish tissue 
using pressurized liquid extraction combined with silica gel cleanup. J. Chromatogr. A 

2011, 1218 (37), 6278-6284. 
 
 

Abstract 

Analytical improvements were developed and validated for measuring select 

personal care products (PCPs) and two pharmaceuticals in fish tissue.  The method was 

validated using fortified fillet tissue for twelve PCPs including fragrance materials, 

alkylphenols, photo initiators, and triclosan as well as two pharmaceuticals including 

carbamazepine (anti-seizure) and diazepam (anti-convulsant).  The analytical method 

utilized pressurized liquid extraction (PLE) combined with silica gel cleanup, gel 

permeation chromatography, and gas chromatography ion-trap tandem mass 

spectrometry.  Silica gel cleanup was combined with the PLE to produce one automated 

extraction/cleanup technique.  This analytical improvement served to reduce the incurred 

cost, time, and loss of potential target analytes associated with independent cleanup steps.  

The combined extraction/cleanup technique resulted in an average increase of 10% in 

analyte recoveries.  Average triplicate recoveries and relative standard deviations for the 

entire method, using 2.5 g of fish fillet tissue, were 92 ± 9% (recoveries ranged from 64 

to 131%).  The sensitivity of the analytical method was improved by optimizing the 

resonant collision induced dissociation energy to the hundredths place (0.01 V).  

Improvements in ion production range from 24 to 122% for six of the 12 PCPs.  Statistic- 
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ally derived method detection limits (MDLs) were also lowered on average by a factor of 

8 and ranged from 1.2 to 38 ng g-1 wet weight.  MDLs for carbamazepine and diazepam 

were 18 and 3.7 ng g-1 wet weight, respectively.  Galaxolide and tonalide were measured 

in an environmental sample at concentrations of 81 and 5.5 ng g-1 wet weight, 

respectively. 

Introduction 

Pharmaceuticals and personal care products (PPCPs) are an emerging class of 

environmental contaminants that include pharmaceuticals (human and veterinary), active 

ingredients in personal care products (PCPs) such as neutraceuticals, cosmetics, 

surfactants, contrasting agents, and many others (31).  Wastewater treatment plants 

(WWTP) are capable of removing select PPCPs at appreciable percentages (32); 

however, WWTP effluent is the major source of these compounds in aquatic 

environments (33, 34).  PPCPs are continuously discharged to the aquatic environment 

without any restrictions (31, 35).  A wide range of PPCPs have been detected at levels 

ranging from ppt to ppm in wastewater effluents as well as river water (10, 36), 

suspended particulate matter (37), and lake water (38, 39), which are impacted by 

wastewater effluent.  PPCPs have also been detected in fish tissues: fillets in Denmark 

(40), Switzerland (41, 42), Germany (43-46), Japan (47, 48), USA (8, 9, 49); liver in 

Japan and USA (8, 47);  blood plasma in Sweden (50), and brain in the USA (51).  As 

wastewater-derived compounds, PCPs are continually replenished to the aquatic 

environment, which causes them to be ‘pseudopersistant’ despite their relatively short 

environmental half-lives (52).  Select PPCPs such as galaxolide, tonalide, triclosan, and 
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octocrylene are relatively lipophilic (log Kow = 5.17–7.53) (8) and have demonstrated the 

ability to bioaccumulate through the food chain (8, 43).  

Wide ranges of analytical methods have been developed to analyze PCPs in fish 

tissue.  Analytical methods have utilized a wide assortment of extraction techniques 

(Soxhlet, microwave assisted extraction, focused ultrasound-solid liquid extraction, and 

pressurized liquid extraction (PLE)) and cleanup techniques (silica gel, Florisil®, and/or 

gel permeation chromatography (GPC) cleanup) prior to the analysis with GC-MS or GC-

MSn (42, 44, 45, 53-55).  Pharmaceuticals in fish tissues are typically analyzed utilizing 

liquid chromatography triple quadrupole tandem mass spectrometry with an electrospray 

ionization interface (8, 49).  However, a single method capable of analyzing PCPs and 

pharmaceuticals has not been reported.  Typically, silica gel and GPC are required for the 

analysis of PCPs in a complex biological matrix such as fish tissues (9).  Combining PLE 

with different cleanup techniques such as silica and Florisil® has been reported for more 

nonpolar analytes such as dioxins and polycyclic aromatic hydrocarbons (22, 56, 57).  

PLE combined with the silica gel cleanup technique reduced the sample preparation time 

and extraction solvents by 15% and 52%, respectively, as compared to extraction 

followed by an independent silica gel cleanup step (22).  However, improvements in 

sample preparation and sensitivity associated with combining PLE and silica gel cleanup 

have not been reported in the literature for relatively more polar analytes, such as PPCPs. 

Additional sensitivity and lower method detection limits (MDLs) can be achieved 

with increased fragmentation efficiencies, through the optimization of the collision 

induced dissociation (CID) voltage.  Kemmochi et al. (58) demonstrated that the 

optimization of damping gas flow rate and CID voltage on the analysis of tetrachloro-p-
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dibenzo-dioxin decreased the limit of detection by a factor of 3.2.  Mottaleb et al. (9) 

reported the optimizations of CID to the tenths place (100 mV) for the analysis of PCPs 

using GC-MS/MS ion trap.  However, additional improvements in instrumental 

sensitivity and MDLs for the analysis of PPCPs may be achieved with the optimizations 

of CID voltages to the hundredths place (10 mV). 

The objective of this research was to develop and validate a single analytical 

method capable of quantifying a wide range of PPCPs in fish tissue at low ng g-1 

concentrations.  Twelve PCPs and six pharmaceuticals were selected as environmentally 

relevant molecular markers of urban wastewater effluent.  Sample preparations were 

improved for simultaneously extracting and purifying PPCPs in fish tissue by combining 

PLE and silica cleanup techniques.  PLE also allows increased tissue mass to be utilized 

in extractions resulting in lower detection limits by increasing the overall contaminant 

mass extracted.  Optimizations of CID to the hundredths place increase the ion abundance 

of select PPCPs.  Overall, sensitivity was increased and lower MDLs were achieved 

through the development of new extraction/cleanup techniques and excitation amplitude 

optimization.     

Experimental 

Chemicals and Materials 

All chemicals were purchased as reagent grade or better from commercial vendors 

and have been previously described (8, 9, 49).  PCP analytes include m-toluamide, 

benzophenone, 4-methylbenzylidine camphor (4-MBC), octocrylene, celestolide®, 

galaxolide®, tonalide®, musk xylene, musk ketone, p-octylphenol, p-nonylphenol, and 
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triclosan.  Surrogates and internal standard include benzophenone-d10, 

pentachloronitrobenzene (PCNB), p-nonylphenol-13C6, carbamazepine-d10, and 

phenanthrene-d10 (internal standard).  Pharmaceutical analytes include carbamazepine, 

diazepam, fluoxetine, sertraline, diphenhydramine, and diltiazem.  These target analytes 

were selected based on use, environmental relevance, and the analytical capabilities of 

the GC-MS/MS (8, 9).   

Tissue Samples 

Tilapia fillets, small mouth bass fillets, and bream fillet were selected for method 

development, optimization, and/or validation.  Tilapia fillets were purchased locally, 

while small mouth bass were collected from a remote site of the East Fork Gila River in 

New Mexico.  German Environmental Specimen Bank (GESB) bream fish composites 

were provided by German Federal Environment Agency from two sites (Belauer See and 

Rhine River, Bimmen).  As part of method validation, triplicate recovery and MDL 

studies were performed on tilapia and the GESB fish composites, respectively.  Tilapia, 

bass, and bream (Belauer See) tissue used in this study were assumed to have low 

concentration of PCPs due to their perceived lack of exposure to wastewater effluent.  

Fish tissue fillets homogenization has been previously described (9) and followed 

standard USEPA protocols.  Samples were stored at −85 ºC prior to extraction. 

Pressurized Liquid Extraction Solvent Optimization 

Extraction solvent efficiency was examined in terms of PPCPs percentage 

recoveries.  Extraction efficiencies of hexane (HEX), cyclohexane (CHX), 

dichloromethane (DCM), ethylacetate (EA), acetone (ACE), methanol (MeOH), and 
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solvent combinations (DCM:EA, DCM:MeOH, and EA:MeOH) were examined using 

PLE combined with silica gel cleanup (see below).  Small mouth bass tissue composites 

(~3 g) were fortified prior to PLE with target analytes and surrogates at continuous 

calibration verification (CCV) concentrations.  Extracts were concentrated and solvent 

exchanged to DCM (if necessary) for GPC cleanup.  GPC eluate underwent 

concentration, derivatization, and analysis as described below.   

Pressurized Liquid Extraction Combined with Silica Gel Cleanup 

The analysis of semi-volatile organic compounds by GC-MS in matrices such as 

fish tissue usually requires the removal of the polar interferences (9).  As part of the 

sample preparation, silica-gel chromatography has been widely used to remove such 

polar interferences (9, 41, 44, 45).  Analysis of PCPs in fish tissue also requires a silica 

gel cleanup technique.  Excluding this cleanup step resulted in additional instrument 

maintenance and reduced analyte response.  Typically, sample extracts are passed 

through a packed silica gel (SiO2) column after extraction.  During the silica cleanup step, 

columns are conditioned with the necessary solvent(s) and extracts are concentrated both 

prior to and after silica gel cleanup (for more information about solvents selection: Table 

2.1).  During the combined extraction/silica gel cleanup technique, the fish tissue 

homogenate was placed at the top of pre-cleaned silica gel.  Within the Acceleration 

Solvent Extractor (ASE) cell, the extracting solvent passes through the tissue 

homogenates where target analytes and interference are extracted and then the extract 

passes through pre-cleaned silica gel where polar interferences are removed.  

 The combined silica gel cleanup technique was validated for PCPs in fish tissue 

using ~2.5 g of tilapia fish tissue composite.  Six fish tissue samples homogenized with 
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sodium sulfate were spiked with known concentrations of target analytes and surrogates 

within the ASE cell.  Spiked homogenates were allowed ~30 min to equilibrate and 

evaporate solvent prior to extraction, and then underwent PLE using an ASE-350 

(Dionex, Sunnyvale, CA), silica cleanup, and GPC cleanup (see below).  Three of the six 

samples were extracted using PLE combined with silica gel cleanup described above 

while the remaining three fish tissue samples were extracted without silica gel present in 

the ASE cells under the same PLE conditions.  These three extracts were subsequently 

passed through a packed silica column.  Mottaleb et al. (9) previously explained silica gel 

column cleanup for the analysis of PCPs in fish tissues.  After silica gel cleanup, all 

extracts were followed by GPC cleanup and spiked with an internal standard prior to GC-

MS/MS analysis.      

Under final conditions, samples were allowed to thaw in the dark for 1 h and ~2.5 

g composites were homogenized with anhydrous Na2SO4 (24:1 ratio) to remove excess 

water using a mortar and pestle.  Sodium sulfate was baked at 500 ºC for 5 h and allowed 

to cool prior to use.  The fish tissue homogenate was packed into a 66 mL ASE cell 

(Dionex, Sunnyvale, CA) that contained 14 g of pre-cleaned silica gel (pore size 40 Å, 

70–230 mesh).  Samples were extracted using 1:1 (v/v) DCM:EA (80 °C, 1500 psi, 2 

cycles of 5 min static time, 75% flush volume).  Silica gel was pre-cleaned using the ASE 

under identical sample extraction conditions.  DCM rinses were used between sample 

extractions.  Prior to extractions, samples were spiked in the ASE cell with target analytes 

and surrogates.  The fish tissue extract was concentrated to 0.5 mL in the TurboVap II 

(Zymark, Hopkinton, MA) under a gentle stream of nitrogen at 30 °C and solvent 
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exchanged to DCM.  The concentrated extract was transferred to a GPC vial with a final 

volume of approximately 700 µL. 

GPC Cleanup and Derivatization 

The higher molecular weight interferences were removed using a Waters GPC 

Cleanup System (Milford, MA) as previously described (9).  Briefly, the Waters GPC 

system consisted of 600 Controller, 717 Plus autosampler, 486 Autotunable Absorbance 

detector, HP 3398 Series integrator, Envirogel GPC guard column (4.6 x 30 mm), and 

two analytical Envirogel columns (19 x 150 mm and 19 x 300 mm, Waters, MA, USA) 

connected in series.  DCM was used as the mobile phase at a flow rate of 5 mL min-1.  

Sample volume of 700 µL was analyzed with 24 min total run-time.  The retention time 

of each of the target analytes was determined individually.  PPCPs were collected within 

11–19 min and the target analyte cutoff-times were verified before each batch of samples 

using individual PPCPs standard. 

The target analyte fraction collected from the GPC (~40 mL) was concentrated to 

~200 µL with nitrogen and solvent exchanged to hexane using the Turbo Vap II.  Select 

target analytes were derivatized with 100 µL of N-methyl-N-(trimethylsilyl)-

trifluoroacetamide.  Mixtures were incubated at 70 °C for 1 h and then cooled.  

Derivatization was followed by concentration under a gentle stream of nitrogen at 21 C 

within a 500 µL glass insert and spiking with 20 µL of 2 ng µL-1 phenanthrene-d10 to a 

final volume of ~200 µL.   
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Extract Analysis 

Target PCPs were quantified using gas chromatography-tandem mass 

spectrometry (GC-MS/MS).  Fish tissue extracts were analyzed on a Varian (Palo Alto, 

CA, USA) CP-3900 GC system coupled with a Saturn 2100T ion trap mass spectrometer.  

One microliter from ~200 µL extracts was injected with a CP-8410 autoinjector (pulsed 

splitless at 270 °C).  Target PCPs and surrogates along with carbamazepine, diazepam, 

diphenhydramine, diphenhydramine-d3, diltiazem, fluoxetine, and sertraline were 

chromatographically separated using 30 m × 0.25 mm, 0.25 µm of HP-5 MS capillary 

column (Agilent technologies, West Chester, PA, USA) with helium carrier gas 

(99.999%) at a flow rate of 1 mL min-1.  The GC oven temperature program was: 100 °C 

held for 1 min, ramped at 15 °C min-1 to 180 °C, held for 5 min, ramped at 6 °C min-1 to 

280 °C, ramped at 15 °C min-1 to 310 °C, and held for 15 min, total run-time of 44.8 min.  

A representative total ion chromatogram for the solution containing all target analytes, 

surrogates, and internal standard under the above stated conditions is shown in Figure 

2.1. 

PPCPs precursor ions were identified using GC-MS with electron impact 

ionization and the mass analyzer operated in full-scan mode.  Precursor ions were 

selected based on ion abundance, uniqueness, and secondary fragmentation patterns.  

Selected precursor ions were fragmented via CID at different voltages (excitation 

amplitudes) by an automated method of dissociation.  Excitation amplitudes in resonant 

mode were ranged from 0.0 to 1.0 V and were typically optimized to the tenths place (9).  

The precursor ions, fragmentation ions (quantitative and qualitative ion), excitation 

storage, excitation amplitudes, and optimized excitation amplitudes for the target analytes 

and surrogates are provided in Table 2.2.  In this study, a secondary optimization step 
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allowed the excitation amplitudes to be optimized to the hundredths place.  This 

additional optimization step increased analyte response for approximately 75% of the 

PPCPs analytes (Table 2.2).   

 

    

Figure 2.1.  A representative GC-chromatogram for PPCPs standard solution containing 
all analytes, surrogates and internal standards: 1) m-toluamide, 2) benzophenone, 3) 
benzophenone-d10 surrogate, 4) celestolide, 5) PCNB, 6) phenathrene-d10 internal 
standard, 7) p-octylphenol, 8) galaxolide, 9) tonalide, 10) musk xylene, 11) 
diphenhydramine, 12) diphenhydramine-d3 surrogate, 13) p-nonylphenol, 14) p-
nonylphenol-13C6 surrogate, 15) 4-MBC, 16) musk ketone, 17) triclosan, 18) fluoxetine, 
19) carbamazepine, 20) carbamazepine-d10 surrogate, 21) diazepam, 22) sertraline, 23) 
mirex, 24) octocrylene, and 25) diltiazem. 
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Analyte Identification and Quantitation 

Analyte peak identification depended upon retention time (±0.05 min) and the 

ratio of qualitative to quantitative ion response (±20%).  An internal standard method of 

quantification was employed.  Calibration curves with at least seven points were prepared 

by plotting the concentration-dependent response factor of each target analyte (peak area 

of analyte divided by peak area of internal standard) versus the response dependent 

concentration factor (concentration of analytes divided by concentration of internal 

standard).  Coefficient of determination (r2) was >0.99, and average response factor 

relative standard deviation (RSD) was 7.4%; however, response factor RSDs for triclosan 

and tonalide were 17%. 

A CCV standard was run at regular intervals (every 4th injection) to ensure quality 

assurance and quality control in every batch of samples analyzed.  The CCV standard 

was prepared with analyte concentrations near the middle point of the corresponding 

calibration curve and used to verify the accuracy of calibration curves of the target 

analytes.  Observation of analyte recoveries resulting from CCV analysis beyond the 

accepted ±25% range required maintenance such as replacing the injector liner, removal 

of a few centimeters of the head of the capillary column, and/or constructing a new 

matrix-matched calibration curve.  Solvent blanks that were analyzed both before and 

after each sample batch showed no carryover of target analytes. 

 
Triplicate recovery and method detection limit (MDLs) studies.  The entire 

analytical method was validated using fortified control matrices (~2.5 g of tilapia fish 

composites) with analytes spiked at the second lowest calibration level and surrogates 

spiked near the middle of the calibrated linear range.  Composites were extracted, 
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cleaned, and analyzed with GC-MS/MS as explained above for recovery and statistically 

derived MDLs studies.  Background analyte concentrations were determined using a 

single 2.5 g composite that was spiked with surrogates prior to extraction.    

Statistically derived MDLs were determined using seven replicates of ~2.5 g of 

bream fish composite (Belauer See) that were fortified with target analytes (spiking level 

≤10 X MDL) (Table 3).  MDLs were determined by multiplying the standard deviation 

times the one-sided Student’s t-statistic (99% confidence) (59).   Composite samples 

were spiked with analytes and surrogates prior to extraction at the concentrations 

specified above.  Background analyte concentrations were determined using a single 2.5 

g composite that was spiked with surrogates prior to extraction.  Spiked composites were 

extracted, cleaned, and analyzed with GC-MS/MS as explained above.  Background 

corrected triplicate recovery data and MDLs are reported in Table 2.3.   

 
Analysis of environmental samples.  Applicability of the analytical method was 

demonstrated by examining PPCPs concentrations in GESB fish tissue (~2.5 g).  Samples 

were collected from a GESB site (Rhine River, Bimmen), homogenized, and spiked with 

surrogates prior to PLE.  Extractions, cleanup, and analysis were performed using the 

analytical method described above.  Duplicate matrix spikes of GESB tissue were 

fortified with target analytes at CCV concentrations prior to PLE.  Matrix spike 

concentrations were background corrected.    
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Results and Discussions 

Pressurized Liquid Extraction Solvent Optimization  

Solvent effectiveness was evaluated based on PPCPs percentage recoveries and 

silica gel cleanup efficiency, which varied among solvents and solvent combinations 

(Table 2.1).  PCPs percentage recoveries were consistent over a wide range of extraction 

solvents; however, HEX and CHX provided average PCPs recoveries of 54% and 47%, 

respectively (Table 2.1).  Percentage recoveries for pharmaceuticals varied widely from 

solvent to solvent.  Carbamazepine and diazepam yield higher percentage recovery 

(within 76 to 103%) with more polar solvent and solvent combinations, such as ACE or 

MeOH:EA.  These two pharmaceuticals were not detected in eluate using DCM or CHX.  

The highest diphenhydramine percent recovery was 72% with 20% MeOH in DCM.  

Nonpolar solvents (polarity ≤DCM), did not provide adequate pharmaceuticals 

recoveries; however HEX recovered 74% of diltiazem.  A wide range of extraction 

solvents, ranging from relatively polar (MeOH) to nonpolar (HEX), provided recoveries 

of <10% for sertraline, diltiazem, and fluoxetine.  This apparent loss of select 

pharmaceuticals may potential be a result of reduced extraction efficiency of nonpolar 

solvents, such as HEX and/or the increased matrix interference associated with more 

polar solvents.  Additional interferences, extracted with ACE and MeOH, also resulted in 

decreased PCPs recoveries and increased instrumentation maintenance. 

Overall, the use of more polar extraction solvents appreciably decreased the 

extraction efficiency of select PCPs as well as decreased silica gel effectiveness as a 

cleanup technique.  DCM:EA (1:1) was the lowest polarity extraction solvent capable of 

extracting carbamazepine and diazepam with recoveries >80%.  DCM:EA (1:1) was 
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selected as the preferred extraction solvent based on the overall PPCPs percent recovery 

and silica gel cleanup efficiency.  This decision resulted in the loss of diphenhydramine, 

fluoxetine, diltiazem, and sertraline as viable target analytes.    

 

Table 2.1.  Percentage recovery‡ with different solvents and their combinations (v/v). 
 
 

solvent(s) 
% recovery 

PCP† CBZ DZP DPH FLX DTZ STL 

HEX 54 ± 22 ND 74 ND ND ND ND 

CHX 47 ± 29 <10 ND 33 ND ND ND 

DCM 73 ± 21 <10 ND <10 ND ND ND 

DCM:EA (1:1) 75 ± 12 92 80 <10 ND ND ND 

EA 76 ± 12 81 82 <10 ND ND ND 

DCM:MeOH (9:1) 71 ± 12 90 89 <10 <10 ND ND 

EA:MeOH (9:1) 77 ± 10 103 93 18 10 <10 ND 

DCM:MeOH (8:2) 66 ± 14 86 79 72 <10 <10 ND 

EA:MeOH (8:2) 65 ± 11 88 76 27 ND ND ND 

ACE 73 ± 13 96 94 ND <10 ND ND 
‡silica gel incorporated in ASE-cell, †average percentage recovery of all personal care 
product analytes.  CBZ (carbamazepine), DZP (diazepam), DPH (diphenhydramine), 
FLX (fluoxetine), DTZ (diltiazem), STL (sertraline), ND (not detected), solvents were 
ordered from top to bottom in table according to their increased polarity that ranged from 
relatively non-polar HEX to polar ACE. 

Pressurized Liquid Extraction Combined with Silica Gel Cleanup 

Triplicate recovery experiments using fortified fish tissue were used to compare 

the combined silica gel cleanup technique to that of a typically packed silica gel column 

(Figure 2.2).  Individual target analyte recoveries between the two cleanup techniques 

were not statistically different (pα = 0.05 > 0.05).  However, recoveries were significantly 

improved (pα= 0.05 < 0.05) for benzophenone, triclosan, octocrylene, carbamazepine, and 

diazepam using the combined silica gel cleanup technique as compared to that of a 

packed silica gel column.  PLE combined with silica gel cleanup (DCM:EA) resulted in 
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less than 10% recoveries for diphenhydramine, fluoxetine, diltiazem, and sertraline 

(Table 2.1).  Due to insufficient recoveries using both silica gel techniques, these analytes 

were not included in further method development and validation.  The average percent 

recoveries and RSDs for combined silica gel cleanup and packed silica column 

techniques were 83 ± 21% and 73 ± 15%, respectively.  Sample cleanliness was assessed 

using CCV as well as qualitatively assessed using GPC chromatograms.  CCV standards 

demonstrated <20% deviation in target analyte concentrations and were within the 

accepted ±25% recovery range.  GPC was required after both techniques to remove high 

molecular weight interferences such as cholesterols and long chain fatty acids.  GPC 

chromatograms for both techniques were virtually identical and provided no comparative 

differences (chromatograms not shown).  Combining the necessary silica gel cleanup step 

with the extraction step improved the cost and time associated with sample preparation 

and allowed a single automated step.  

Excitation Amplitude Optimization 

Optimization of the excitation amplitude to the hundredths place resulted in an 

increase in ion production (>20%) for 6 PCPs and 2 pharmaceuticals out of the 12 PCPs 

and 6 pharmaceuticals, respectively.  The largest increases in the quantitative ion 

production were for celestolide (122%), fluoxetine (58%), musk ketone (44%), musk 

xylene (42%), octocrylene (31%), diazepam (29%), tonalide (27%), and triclosan (24%) 

(Table 2.2).  The average percentage increase in quantitative ion response for PCPs’ 

surrogates was 29%.  A representative diagram for the optimization of excitation 

amplitudes for musk ketone in resonance mode is given below (Figure 2.3). 
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Figure 2.2.  Triplicate recovery in tilapia fish fillet composites with relative standard 
deviations for combined silica gel cleanup and typically pack silica column cleanup.  

A small change in CID voltage did not consistently provide increased ion 

abundance for all PCPs.  For example, CID voltage change for musk ketone by 0.02 V 

from 0.70 V to 0.72 V resulted in an increased ion abundance by 44%; however, CID 

voltage change for nonylphenol by 0.03 V (from 0.60 to 0.57) resulted in only an ~5% 

increase.  Therefore, the percentage increment in quantitative ion response on changing 

the particular magnitude of voltage was analyte dependent.  In general, optimization of 

the excitation amplitude to the hundredths place increased analyte sensitivity and lowered 

the corresponding method detection limit.   
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Method Validation 

 
Triplicate recoveries.  The entire analytical method was validated with the 

triplicate recovery study using ~2.5 g of fortified tilapia fish composites.  In general, the 

PPCPs recoveries were similar; the average percentage recovery was 92% and the RSDs 

ranged from 3% to 28% (Table 2.3).  However, the average recoveries and RSDs for 

benzophenone and triclosan were 131 ± 19% and 64 ± 9%, respectively.  Average PPCPs 

surrogates’ recovery and RSDs were 63 ± 7%.  

 
MDL study.  Method sensitivity for select PCP analytes was evaluated by 

measuring the statistically derived MDLs.  Lower MDLs for PCPs were measured as 

compared to the similar study on Sonora sucker reported by Mottaleb et al. (9) (Table 

2.3).  MDLs were improved approximately on average by a factor of 8.  Lowering MDLs 

by the factor of ~2.5 is expected due to increased tissue mass from 1.0 g to 2.5 g 

employing PLE.  MDLs improvement of individual target analyte could be a matrix 

dependent.  However, MDLs for nitro-musk, musk xylene and musk ketone, decreased by 

approximately one order of magnitude which are in accordance with increased sensitivity 

through optimization of excitation amplitude to the hundredths place (42 and 44%, 

respectively) (Table 2.2).  However, MDL for celestolide was only increased by the 

factor of ~5 although the sensitivity was increased by 122%.  Therefore, the 

consequences of lowering MDLs and increasing sensitivity by excitation amplitude 

optimization could not be generalized for all analytes.  MDLs for musk xylene, musk 

ketone, 4-MBC, and triclosan in this study were an order of magnitude lower than 

reported by Mottaleb et al. (9) (Table 2.3).  Typically, the reported fish tissue 

concentrations at or below MDLs reported by this study were measured considering the  
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Figure 2.3.  Differential ion response (normalized to maximum peak area counts) for 
musk ketone: A) first step excitation amplitude optimization by 100 mV and B) second 
step excitation amplitude optimization by 10 mV. 
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limit of quantification (LOQ) (43) or limit of detection (LOD) (60).  It has already been 

demonstrated that the MDLs are typically higher than the LOQ and LOD for 

pharmaceuticals (49).  It is also important to note, that PCPs fish tissue studies typically 

employed a single analytical method optimized for particular class of compounds.  

However, this study allows the simultaneous analysis of a diverse class of PPCPs.   

Carbamazepine and diazepam were the only two pharmaceuticals able to be incorporated 

with the PCPs for simultaneous analysis of select PPCPs in fish tissue with an acceptable 

percentage recovery (88 ± 6% and 97 ± 9%, respectively) (Table 2.3).  The MDLs for 

carbamazepine and diazepam were 18 and 3.7 ng g-1 ww, respectively (Table 2.3).  The 

carbamazepine MDL reported in this study, are greater than previously reported fish fillet 

tissue concentrations (8).  MDLs are less than previously reported fish liver tissue 

concentrations (64).  Typically, pharmaceuticals fish liver tissue concentrations are 

greater than fish fillet tissue concentrations (8).  Unfortunately, few analytical methods 

are capable of measuring diazepam and carbamazepine in fish tissue, and as a result, 

environmentally relevant concentrations reported in the literature in fish tissue are 

limited.  Based on current literature, this method may be more prudent for measuring 

carbamazepine and diazepam in highly contaminated sampling sites. 

 
Analysis of environmental samples.  This analytical method was used to examine 

environmentally relevant PPCPs concentrations in GESB fish tissue (Rhine River, 

Bimmen).  Two of the 14 PPCPs were detected >MDLs.  PPCPs surrogate recoveries in 

GESB fish tissue samples averaged 63%. Galaxolide and tonalide, two polycyclic musk 

fragrance materials, were measured at 81 and 5.5 ng g-1 ww, respectively (Table 2.3).  

The average PPCPs recoveries for the matrix spikes (GESB bream fish tissues, n = 2) 
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Table 2.2.  Optimization of excitation amplitude of PPCPs. 

Compounds 
MS/MS transitions 
(m/z) 

Excitation 
storage (m/z) 

Excitation 
amplitude (V) 

Optimized 
excitation 
amplitude 

Quantitative ion 
response 
increase (%) 

m-toluamide 190>145a, 175b 83.6 0.7b 0.69 3 
benzophenone 182>153a,b 80.1 0.8b 0.83 8 
celestolide 229>173a, 131b 101 0.7b 0.65 122 
p-octylphenol 278>179a,b 123 0.6b 0.63 1 
galaxolide 243>213a, 171b 107 0.8b 0.78 18 
tonalide 243>187a, 159b 107 0.8b 0.78 27 
musk xylene 282>265a, 248b 124 0.8b 0.77 42 
p-nonylphenol 292>179a,b 128 0.6b 0.57 5 
4-MBC 211>169a, 155b 134 0.8b 0.81 13 
musk ketone 304>214a, 287 92.9 0.7b 0.72 44 
triclosan 347>200a, 310b 153 0.8b 0.82 24 
octocrylene 250>248a, 221b 110 0.8b 0.76 31 
benzophenone-d10

* 192>190a, 163b 84.5 1.0b 0.95 51 
PCNB* 295>237a, 263 130 0.8b 0.78 19 
p-nonylphenol-13C6

* 298>185a,b 131 0.9b 0.87 17 
carbamazepine 193>191a, 165 85.0 0.9 0.90 - 
diazepam 285>248a, 268 126 1.8 1.78 29 
sertraline 274>239a, 259 121 0.5 0.50 - 
diltiazem 222>207a, 192 97.8 0.5 0.53 13 
fluoxetine 264>160a, 115 116 0.6 0.56 58 
diphenhydramine 165>163a, 115 72.6 0.9 0.90 - 
carbamazepine-d10

* 203>201a, 175 89.4 0.7 0.70 - 
diphenhydramine-d3

* 152>150a, 126 66.8 0.8 0.80 - 
aquantitation ion, breported by Mottaleb et al. (9), *surrogate
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Table 2.3.  Spiking recoveries, statistically derived method detection limits, and environmental sample analysis (ww data).  

Analytes aTriplicate recovery  bEnvironmental sample  
Spiking 
level 
(ng g-1) 

Recovery 
(%) 
± RSD 

Tissue 
conc. 
(ng g-1) 

Matrix spiked 
recovery (%) 
(n=2) 

MDL 
(ng g-1) 
(n=7) 

cReported 
MDL 
(ng g-1) 

Reported fish tissue 
concentration (ng g-1) 

m-toluamide 20 89 ± 6  ND 84.76 4.0 5.1 NR 
benzophenone 38 131 ± 19  ND 75.77 35 16 0.66–90 (9, 42, 61) 
4-MBC 80 82 ± 7  ND 67.79 12 120 0.44–27 (41, 42) 
octocrylene d20 91 ± 6  ND 57.69 1.5 36 0.10–69 (41, 42) 
celestolide 11 101 ± 13  ND 56.73 4.0 18 0.03–34 (44) 
galaxolide 8 109 ± 5  81.2 72.78 1.6 12 0.52–2500 (8, 9, 44) 
tonalide 14 103 ± 4  5.5 61.02 3.0 13 0.44–730 (8, 9, 44) 
musk xylene 220 90 ± 28  ND 76.23 38 397 0.05–41 (43, 44) 
musk ketone 360 84 ± 7  ND 57.15 35 321 0.07–66 (43, 44) 
p-nonylphenol 8 77 ± 3  ND 70.24 1.2 9.7 3.3–566 (45, 60, 62) 
p-octylphenol 12 77 ± 5  ND 72.39 3.1 8.2 0.2–6 (45, 60, 62) 
triclosan 10 64 ± 9  ND 66.07 3.4 38 0.3–31 (9, 46, 63) 
carbamazepine 16 88 ± 6  ND 64.81 18 e0.54 2.3–3.1 (8) 
diazepam 32 97 ± 9  ND 58.35 3.7 e, f8.2 g23–110 (64) 

atilapia fillet composite (~2.5 g), bbream fillet composite (~2.5 g), creported by Mottaleb et al. (9) employing GC-MS/MS, d13 
× MDL, eemploying LC-MS/MS technique (8), fLOQ in fish liver tissue (64), gfish liver concentration, ND denotes non detect, 
NR denotes not reported. 
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Therefore, the analytical method describing the simultaneous analysis of select PPCPs in 

fish tissue is capable of measuring environmentally relevant fish tissue concentrations. 

Conclusions 

An analytical method was developed and validated for the simultaneous analysis 

of select PCPs, carbamazepine, and diazepam in fish fillet composite using GC-MS/MS.  

The combined PLE with silica gel cleanup technique reduced the intrinsic cost associated 

with conventional PCP sample preparation protocol.  Analyte sensitivities for select 

analytes were increased upon optimization of excitation amplitude.  The reported 

methodology is capable of measuring a wide range of PPCPs at environmentally relevant 

fish tissue concentrations. 
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CHAPTER THREE 
 

Occurrence of Pharmaceuticals and Personal Care Products in German Fish Tissue: A 
National Study 

 
This chapter published as: Subedi, B.; Du, B.; Chambliss, C. K.; Koschorreck, J.; Rüdel, 
H.; Quack, M.; Brooks, B. W.; Usenko, S. Occurrence of pharmaceuticals and personal 
care products in German fish tissue: a national study. Environ. Sci. Technol. 2012, 46 

(16), 9047-9054. 
 
 

Abstract 

German Environment Specimen Bank (GESB) fish tissue samples, collected from 

14 different GESB locations, were analyzed for 15 pharmaceuticals, 2 pharmaceutical 

metabolites, and 12 personal care products.  Only 2 pharmaceuticals, diphenhydramine 

and desmethylsertraline, were measured above MDL.  Diphenhydramine (0.04−0.07 ng 

g−1 ww) and desmethylsertraline (1.65−3.28 ng g−1 ww) were measured at 4 and 2 

locations, respectively.  The maximum concentrations of galaxolide (HHCB) (447 ng g−1 

ww) and tonalide (AHTN) (15 ng g−1 ww) were measured at the Rehlingen sampling site 

in the Saar River.  A significant decrease in HHCB and AHTN fish tissue concentrations 

was observed from 1995 to 2008 at select GESB sampling sites (r2 = 0.69−0.89 for 

galaxolide and 0.89−0.97 for tonalide with p < 0.003).  Galaxolide and tonalide fish 

tissue concentrations in Germany were ∼19× and ∼28× lower, respectively, as compared 

to fish tissue concentrations measured in a United States nationwide PPCP study 

conducted in 2006.  Proximity of the sampling locations to the upstream wastewater 

treatment plant discharging point and mean annual flow at the sampling location were 

found to significantly predict galaxolide and tonalide fish tissue concentrations (HHCB: 

r2 = 0.79, p = 0.021 and AHTN: r2 = 0.81, p = 0.037) in Germany. 
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Introduction 

Pharmaceuticals and personal care products (PPCPs) are increasingly used for 

human and animal applications.  PPCPs and their metabolites are typically introduced to 

the environment through wastewater treatment plant (WWTP) effluent (31, 33, 34, 65).  

The continuous loading of PPCPs to aquatic systems by effluent discharges causes PPCPs 

to behave as pseudopersistant despite their short environmental half-life (52, 66, 67).  As 

a result, PPCPs and their metabolites have been measured in surface waters, sediments, 

and groundwater at ng L−1 to μg L−1 levels (10).  

Select PPCPs have shown to accumulate in fish tissue collected from surface 

waters receiving effluent discharges (8, 43).  PPCPs have been measured in different fish 

tissues such as fillet, liver, blood plasma, and brain (8, 9, 47, 49-51, 64, 68).  For 

example, the pharmaceuticals fluoxetine, sertraline (STL), carbamazepine (CBZ), 

diltiazem, diphenhydramine (DPH), and gemfibrozil, and PCPs galaxolide (HHCB), 

tonalide (AHTN), and triclosan, were recently reported in fish from five U.S. rivers in the 

U.S. Environmental Protection Agency’s national pilot study of PPCPs in fish tissue (8).  

Previous PCPs studies have measured synthetic musk (44), alkylphenols and their 

monoethoxylates (45), and triclosan and one of its metabolites (46), in the German 

Environment Specimen Bank (GESB) fish tissue samples collected from 1994 to 2003.  

However, a more comprehensive screening study including pharmaceuticals in GESB 

fish tissue has not been reported. 

The primary objective of this research was to determine PPCPs fish tissue 

concentrations from 13 GESB river sampling sites and a GESB lake site.   

Spatial distribution of select PPCPs in fish was examined.  PPCPs fish tissue 

concentrations from this study were compared to those of previous studies in Germany 
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and the United States.  Finally, predictors of PPCPs in GESB fish tissue concentrations 

were explored. 

Experimental 

Sampling Locations 

Representative bream (Abramis brama) fish samples were collected in 2007−2008 

at 14 different GESB sampling locations (Figure 3.1) (45, 46).  Sampling locations 

include 13 river sites located downstream from WWTP discharges along the Rhine, 

Danube, and Elbe rivers and their tributaries in Germany.  Sampling location names 

include the actual location name followed by the river name, for example, Weil/Rhine 

describes the Weil site along the Rhine River.  The river sites include Weil/Rhine, 

Iffezheim/Rhine, Bimmen/Rhine, Ulm/Danube, Kelheim/Danube, Jochenstein/Danube, 

Prossen/Elbe, Barby/Elbe, Blankenese/Elbe, Güdingen/Saar, Rehlingen/Saar, 

Wettin/Saale, and Dessau/Mulde.  Fish were also collected from Lake Belau, a reference 

lake site, which does not receive WWTP effluent.  Bream were sampled according to the 

standard procedures of the GESB (69).  About 20 healthy individuals of mixed sex and of 

a defined age class (8−12 y) are collected annually at well-characterized sites after the 

spawning period (70, 71).  Subsamples of pooled fillet samples prepared by cryo-milling 

are provided for analysis.  Bream are secondary consumers in the limnic food web (70, 

72) and differences in lipid content reflect different nutrient availability (e.g., high in 

large rivers like the Rhine, low at Lake Belau) (73, 74).  Generally, unless different 

distribution information is available, data normalization to total lipid content is preferred 

(75).  Thus, it is assumed that for lipophilic compounds the lipid-normalized 
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concentration is a good measure for comparisons between sites.  Percentage lipid 

contents, ranging from 1.79 to 7.51% (Table A.8), were obtained from the GESB 

database (71).  Previous studies revealed the potency of GESB bream samples for 

retrospective investigation of temporal and spatial trends of lipophilic compounds (45, 

46).  For this study, duplicate subsamples were retrieved from the archive and shipped on 

Dry Ice® to Baylor University where they were stored at −80 °C prior to PPCPs analysis.  

The cold chain was maintained throughout all steps.   

Analytes, Surrogates, and Internal Standards 

All chemicals were purchased as reagent grade or better from commercial vendors 

and have been previously described (23, 76).  The pharmaceuticals measured include: 

analgesics (acetaminophen, codeine), antihypertensives (atenolol, propranolol, and 

diltiazem), antibiotics (trimethoprim and sulfamethoxazole), antidepressants (STL, 

fluoxetine, and paroxetine), stimulant (caffeine), antihistamine (DPH), antiseizure 

(carbamazepine), benzodiazepine (diazepam), antilipemic (gemfibrozil), and select 

metabolites (norfluoxetine and desmethylsertraline (DMS)).  Personal care products 

include: insect repellent (m-tolumide), sunscreen and UV-filters (benzophenone, 

octocrylene, and 4-methylbenxylidine camphor (4-MBC)), synthetic musk fragrances: 

HHCB, AHTN, celestolide, musk ketone, and musk xylene), surfactant metabolites (p-

octylphenol and p-nonylphenol), and antimicrobial (triclosan).  All pharmaceuticals were 

accompanied with their isotopically labeled compounds as surrogates whereas 

benzophenone-d
10

, p-nonylphenol-
13

C
6
, and pentachloronitrobenzene were used as 

surrogates for personal care products.Phenanthrene-d
10 

was used as internal standard for 
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personal care products.  N-methyl-N-(trimethylsilyl)-trifluoroacetamide (derivatizing 

agent) was obtained from VWR Scientific (Irving, TX, USA). 

 

Figure 3.1.  GESB sampling locations. 
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Chemical Analysis 

Analytical methodologies used for the analysis of PCPs  and pharmaceuticals (23, 

76) in fish tissue have been previously described.  Briefly, PCPs were analyzed using 

∼2.5 g wet weight (ww) fish fillet composite homogenized with ∼65 g of anhydrous 

Na2SO4 (23).  Fish tissue homogenates were fortified with isotopically labeled PCPs 

standards and were extracted using a pressurized liquid extraction combined with silica 

gel cleanup technique.  PCPs target analytes were separated from high molecular weight 

interferences using gel permeation chromatography.  Eluates were concentrated, 

derivatized, fortified with internal standard, and analyzed for 12 PCPs using a gas 

chromatography system coupled with ion trap tandem mass spectrometry.   

Pharmaceuticals were analyzed using ∼1 g ww of fish fillet composite fortified 

with isotopically labeled internal standards prior to extraction (76).  Extracts were 

analyzed for 17 pharmaceuticals using isotope dilution liquid chromatography tandem 

mass spectrometry (LC-MS/MS).  The LC system was coupled to a triple-quadrupole 

mass analyzer via an electrospray ionization interface.  Labeled and unlabeled structures, 

precursor and product ions, and optimal collision energies of monitored pharmaceuticals 

are reported elsewhere (76).  

Quality Assurance and Quality Control  

Twenty-eight fish tissue composites were grouped into two batches when 

performing extraction and the analysis.  Each batch composed of two blanks (extraction 

solvent spiked with isotopically labeled analogs only), and duplicate matrix spikes.  Two 

samples were randomly selected for matrix spikes (matrix spike and its duplicate, MS and 
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MSD).  Spiking concentrations of unlabeled compounds were equivalent to the CCV 

concentrations.  

Eight reference samples were fortified with analytes at a concentration 

corresponding to <10x the expected method detection limits (MDL).  Approximately 1 g 

and 2.5 g ww of fish tissue samples for PPCPs were extracted for MDL calculation, 

respectively.  MDL were calculated by multiplying the standard deviation of eight 

replicates of matrix spike by the one-sided Student t-value at α = 0.01 and df = 7.  The 

MDL for pharmaceuticals analytes ranged from 0.04 to 2.04 ng g
-1 

ww (Table A.1) while 

from 1.2 to 37.9 ng g
-1 ww for personal care products (Table A.2).  

Continuous Calibration Verification (CCV) was used to evaluate the instrumental 

performance by the relative percent difference (RPD) between initial concentration of 

prepared CCV standards and their measured concentration.  Two samples (out of 28) 

were randomly selected to prepare a pair of matrix spikes (matrix spike and its duplicate, 

MS and MSD) and analytes were spiked at CCV level concentrations.  Laboratory blanks 

were included with each batch of fish tissue samples.  Analytes were not detected in 

blanks and hence, fish tissue concentrations were not blank corrected.  

Average recoveries for pharmaceutical MS and MSD were 89% and 85% for 

batch I and II, respectively (Table A.3 and A.4), indicating acceptable accuracy for 

monitored target analytes in fish samples.  RPDs between the pair of matrix spikes were 

±12%.  The average PCPs recoveries for the MS and MSD for batch I and II were 68% 

and 64%, respectively (Table A.5 and A.6) and the RPDs between the pair of matrix 

spikes were within ±22%, except for 4-MBC which shows an average RPD of ±31%.  

Average recoveries of HHCB and AHTN for the batch I and II were 64% and 74% with 
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an average RPD of 16% and 15%, respectively.  CCVs analysis performed both at the 

beginning and at the end of batch analysis results into average RPDs of ±20% and ±26% 

for pharmaceuticals and personal care products, respectively.  

Duplicate fish samples were analyzed for PPCPs each of 14 GESB sampling 

locations.  The relative standard deviations of measured tissue concentration of HHCB 

and AHTN for duplicate analysis were ≤30%; however, relative standard deviations for 

AHTN at Ulm/Danube and Jochenstein/Danube are 34 and 43%, respectively. 

Statistical Analysis 

Influences of WWTP effluent discharges on sample locations, and hence PCPs 

fish tissue concentration, were investigated in terms of proximity of the sampling 

locations (PSL, km) to the upstream WWTP effluent discharge point, mean annual flow 

(MAF, m3 s−1) of the river at the sampling locations, and total WWTP capacity 

inhabitants equivalent (CIE) (Table A.7).  PSL has been previously identified as a 

predictor of water and fish tissue concentrations for alkylphenols (77) as well as 

fluoroquinolone water concentrations (78).  PPCP water concentrations can be 

proportional to the discharge capacity of WWTP effluents (79) and instream flows of the 

receiving waterbodies (79, 80).  In this study, MAF at the sampling locations was 

selected as a surrogate for the mean flow of the receiving system at WWTP discharge 

point.  Though MAF was the most robust parameter available for these locations, this 

analysis may not include additional dilution associated with minor tributaries located 

between the WWTP and the sampling site.  CIE was selected as a potential surrogate for 

WWTP discharge capacity and was examined at 20, 30, and 50 km upstream.  Minimum 

CIE of respective classes were considered for WWTPs where absolute CIE could not be 
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acquired.  The predictive ability of PSL, MAF, and CIE to estimate fish tissue 

concentrations was examined with linear regression (LR) analysis and multiple linear 

regression (MLR) analysis utilizing SigmaPlot (Version 11, Systat Software, Inc., San 

Jose, CA, USA). 

Results and Discussions 

Personal Care Products 

PCPs were measured in fish tissue collected from 13 GESB sampling sites that 

received WWTP effluent.  PCPs were not detected in fish tissue collected from Lake 

Belau.  HHCB and AHTN were the only PCPs measured in fish fillet composites.  

Polycyclic musk fragrances, HHCB and AHTN, were detected at a frequency of 100% 

and 69%, respectively, in sites receiving WWTP discharges (Figure 3.2).  PCPs 

concentrations were lipid normalized (Figure 3.7), and mean HHCB and AHTN 

concentrations for duplicate samples are reported herein unless stated otherwise.  HHCB 

fish tissue concentrations ranged from 268 to 11 100 ng g−1 lipid weight (lw), while 

AHTN concentrations ranged from 98 to 382 ng g−1 lw (Figure 3.2 and Table A.8).  

HHCB was <MDL (1.6 ng g−1 ww) in one of the duplicate fish tissue samples at 

Dessau/Mulde, and AHTN was <MDL (3.0 ng g−1 ww) in one of the duplicate fish tissue 

samples at Kelheim/Danube, Dessau/Mulde, Prossen/Elbe, and Barby/Elbe.  AHTN was 

not detected in fish tissue collected from Blankenese/Elbe (Table A.8). 

High frequency of detection and relatively high concentrations of HHCB and 

AHTN in fish tissues have been previously reported in Germany (43, 44).  Frequent 

measurements of HHCB and AHTN in fish tissue may be due to their relatively high 
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production/consumption volume combined with their unique physical/chemical 

properties such as high bioconcentration factor (BCF), high solid-water distribution 

coefficient, and low photo- or biodegradation constants.  In 2000, 1427 t of HHCB and 

358 t of AHTN were consumed in Europe, which highlights the high production and 

consumption volume of these compounds (81).  In 1995, the average use per capita of 

HHCB and AHTN in Europe were 11.1 and 4.40 mg d−1, respectively (82).  Additionally, 

higher lipophilicity of HHCB and AHTN (Figure 3.7) comparable to that of some 

persistent organic pesticides and PCBs (log Kow: HHCB = 5.90, AHTN = 5.70, p,p′-DDT 

= 5.80–6.90, PCB 101 = 6.65) results in relatively higher bioconcentration and 

bioaccumulation (83).  For example, the BCF values for HHCB and AHTN are 1584 and 

597 L kg−1, respectively (81).  In the present study, log Kow values of HHCB and AHTN 

are the highest among all of the target analytes, except octocrylene (8), which likely 

resulted in the highest tissue concentrations of HHCB and AHTN. 

The highest HHCB and AHTN fish tissue concentrations were measured in the 

Saar River at the Güdingen (French-German border) and Rehlingen sites (Figure 3.2).  At 

Güdingen/Saar and Rehlingen/Saar, HHCB was measured at 9680 ± 601 and 11 100 ± 

1270 ng g−1 lw, while AHTN was measured at 288 ± 59 and 382 ± 93 ng g−1 lw, 

respectively.  The average HHCB tissue concentration for these two sites (10 400 ng g−1 

lw) was approximately an order of magnitude higher than the average tissue 

concentrations of the remaining 11 sites (1010 ng g−1 lw).  Similarly, the average AHTN 

tissue concentration measured for these two sites (335 ng g−1 lw) was 2.8× the average 

tissue concentration of the remaining seven sites (119 ng g−1 lw).  Gudingen/Saar and 

Rehlingen/Saar may be influenced by two WWTPs <7 km and <15 km upstream, 
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respectively (Table A.7).  The annual flows at Güdingen/Saar and Rehlingen/Saar are 

∼60 and ∼80 m3 s−1, respectively, which are two of the lowest MAFs in this study 

besides Dessau/Mulde (∼64 m3 s−1).  Higher HHCB and AHTN fish tissue concentrations 

in the Saar River may be a result of the close proximity of sampling locations to the 

WWTP discharging points (<7 km) and low MAF (<80 m3 s−1).  HHCB and AHTN fish 

tissue concentrations in the Saar River (10 400 ng g−1 lw) were an order of magnitude 

lower than fish tissue concentrations reported in a WWTP effluent-impacted pond study 

in Germany (100 000 ng g−1 lw) (43).  

HHCB and AHTN fish tissue concentrations in the Rhine River were highest at 

Iffezheim/Rhine (1740 ± 184 and 156 ± 37 ng g−1 lw, respectively).  HHCB at 

Weil/Rhine (Swiss–German border) was lower (1035 ± 106 ng g−1 lw) than at 

Bimmen/Rhine (German–Dutch border) (1370 ± 57 ng g−1 lw).  However, fish tissue 

levels of AHTN was higher at Weil/Rhine (124 ± 5.0 ng g−1 lw) than at Bimmen/Rhine 

(80 ± 16 ng g−1 lw).  Synthetic musk concentrations were measured in fish tissue at 

Iffezheim/Rhine > Bimmen/Rhine > Weil/Rhine, which suggests no downstream 

concentration trends.  The different PCPs fish tissue concentration may be attributed to 

variations in local effluent discharge volumes combined with pseudopersistence resulting 

from continuous discharges to these aquatic systems. 

The measured HHCB fish tissue concentrations in the Danube River were 1240 ± 

42, 847 ± 260, and 805 ± 202 ng g−1 lw at Ulm/Danube, Kelheim/Danube, and 

Jochenstein/Danube, respectively.  AHTN tissue concentrations measured at Ulm/Danube 

and Jochenstein/Danube were 160 ± 55 and 98 ± 42 ng g−1 lw, respectively.  At the 

Kelheim/Danube site, AHTN was measured at 98 ng g−1 lw in one of the duplicate 
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samples and <MDL in the other.  The distribution of HHCB and AHTN fish tissue 

concentrations at these three Danube River sites was similar from Ulm/Danube to 

downstream Jochenstein/Danube (German-Austrian border). 

Along the Elbe River, the highest HHCB tissue concentrations were measured 

near the Czech-German border at Prossen/Elbe (1375 ± 177 ng g−1 lw) followed by 

Blankenese/Elbe (near the mouth of the river) (403 ± 50 ng g−1 lw).  HHCB fish tissue 

concentration at Barby/Elbe (268 ± 24 ng g−1 lw) was the lowest of the three Elbe River 

sites.  A WWTP in close proximity of Blankenese/Elbe within 4 km (capacity: >1 641 

600 m3 d−1 and 2 960 000 IE) may have contributed to the higher tissue concentration of 

HHCB and AHTN at Blankenese/Elbe than at Barby/Elbe (PSL = 15.6 km, capacity: 

∼8100 m3 d−1 and 27 000 IE).  AHTN was <MDL in one of the duplicate fish tissue 

samples at Prossen/Elbe and Barby/Elbe, and was not detected in fish tissue collected 

from the Blankenese/Elbe site (Figure 3.2).  In the Saale River, a tributary of Elbe, the 

HHCB and AHTN fish tissue concentrations were 1360 ± 99 and 120 ± 11 ng g−1 lw, 

respectively, at Wettin/Saale.  Similarly, HHCB fish tissue concentration in the Mulde 

River, another tributary of Elbe, was 636 ng g−1 lw and <MDL at Dessau/Mulde.  HHCB 

tissue concentrations at Wettin/Saale and Dessau/Mulde were approximately 5× and 2.4× 

higher than that at Barby/Elbe, respectively.  Based on HHCB fish tissue concentrations 

and the overall HHCB/AHTN ratio of 15:1 (for this study) the predicted AHTN fish 

tissue concentrations were <1/2 MDL at Prossen/Elbe, Barby/Elbe, Blankenese/Elbe, and 

Dessau/Mulde. 
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Figure 3.2.  Distribution of HHCB and AHTN concentrations in fish tissue (n = 2) at 
GESB sampling locations in 2008.  HHCB = galaxolide; AHTN = tonalide; MDL = 
method detection limit; lw = lipid weight. 

Pharmaceuticals 

DMS and DPH were the only pharmaceutical analytes measured in fish fillet 

composites with concentrations ranging approximately from 0.01 to 3.0 ng g−1 ww.  In 

this study, pharmaceutical fish tissue concentrations were 1−6 orders of magnitude lower 

than PCPs concentrations.  DMS, an active metabolite of STL, was measured at 

Ulm/Danube and Güdingen/Saar (Figure 3.3).  The mean tissue concentration of DMS at 

Ulm/Danube was 3.28 ng g−1 ww.  In Güdingen/Saar, DMS was observed at 1.65 ng g−1 
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ww in one of the duplicate fish tissue samples.  DPH was measured at Dessau/Mulde, 

Rehlingen/Saar, Güdingen/Saar, and Wettin/Saale.  The mean tissue concentration of 

DPH at Dessau/Mulde was 0.055 ng g−1 ww.  DPH was measured in one of the duplicate 

samples from Rehlingen/Saar (0.07 ng g−1 ww), Güdingen/Saar (0.04 ng g−1 ww), and 

Wettin/Saale (0.05 ng g−1 ww) (Figure 3.3).  All other pharmaceutical tissue 

concentrations were <MDL (Table A.8). 

Influence of WWTPs on PCPs Fish Tissue Concentrations 

Relationships among PSL, MAF, and CIE to estimate HHCB and AHTN fish 

tissue concentrations in GESB samples were examined using LR and MLR.  However, 

PSL, MAF, and CIE data could not be acquired for the Iffezheim/Rhine, Barby/Elbe, and 

Prossen/Elbe locations.  LR analysis showed no significant relationships between the 

independent predictor variables (PSL, MAF, and CIE).  In addition, no significant 

relationships were observed between HHCB and AHTN fish tissue concentration with 

PSL (r2 ≤ 0.20 and p ≥ 0.210), MAF (r2 ≤ 0.31 and p ≥ 0.246), or CIE (r2 ≤ 0.10 and p ≥ 

0.470).  MLR analysis of HHCB and AHTN fish tissue concentrations with PSL, MAF, 

and CIE (<50 km) provided r2 of 0.39 (p ≤ 0.372) and 0.56 (p ≤ 0.308), respectively.  The 

same analysis performed using CIE (<30 km) instead of CIE (<50 km) provided r2 for 

HHCB of 0.48 (p ≤ 0.325) and AHTN of 0.56 (p ≥ 0.308).  Replacing CIE (<30 km) with 

CIE (<20 km) in the same analysis provided similar results (data not shown).  Excluding 

CIE, the least significant predictor variable, from the MLR analysis of HHCB and AHTN 

fish tissue concentrations with PSL and MAF provided r2 of 0.44 (p = 0.177) and 0.56 (p 

= 0.131).  Potential correlations of pharmaceuticals fish tissue concentration to the PSL, 

MAF, and CIE could not be calculated due to the limited data points. 



 

44 
 

 

Figure 3.3.  Pharmaceuticals concentrations in fish tissues (n = 2) from various GESB 
sampling locations.  DPH = diphenhydramine; DMS = desmethylsertraline; *DPH 
measured <MDL in one of the duplicate samples; **DMS was not detected in one of the 
duplicate samples. 
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0.075) and AHTN of 0.81 (p = 0.129).  MLR analysis of HHCB and AHTN fish tissue 

concentrations with PSL and MAF (omitting Bimmen/Rhine), while excluding CIE, 

provided the highest r2 values with p values <0.05 (eqs 1 and 2, respectively).  Despite 

the fact that r2 values were similar when CIE was included as a predictor variable along 

with PSL and MAF, the corresponding p-values increased from <0.05 to >0.05. 

HHCB = 9854 – (629 * PSL) – (9.47 * MAF) (r2 = 0.79, p = 0.021)              (1) 

AHTN = 334.0 – (14.9 * PSL) – (0.26 * MAF) (r2 = 0.81, p = 0.037)              (2)                        

PSL and MAF were found to be significant predictors of HHCB and AHTN fish 

tissue concentrations in GESB fish tissues examined in this study.  Approximately 79% 

of the variability in spatial distribution of HHCB fish tissue concentrations (p = 0.021) 

and 81% of that of AHTN (p = 0.037) in German rivers was predicted by PSL and MAF 

(eqs 1 and 2).  The negative coefficients of PSL and MAF in MLR analyses indicate that 

the predicted HHCB and AHTN fish tissue concentrations are higher at the sampling 

locations that are closer to the WWTP effluent discharges and in rivers with low MAF.  

PSL has also been shown to be an inversely related to alkylphenols fish tissue 

concentrations (77).  Based on known BCF and BSAFs, higher PCP fish tissue 

concentrations at sampling sites near WWTP effluent discharge points with low MAF 

suggest that these sites may also have increased PCP water and/or sediment 

concentrations as compared to other sampling sites. 

Comparison with the Historical GESB PCP Measurements 

Temporal relationships of HHCB and AHTN fish tissue concentrations at 14 

GESB sampling locations were examined by comparing tissue concentrations from the 

current study (samples collected in 2008) with historical measurements (1995−2003) 
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(44).  A significant decrease in HHCB and AHTN fish tissue concentrations was 

observed from 1995 to 2008 at Barby/Elbe, Wettin/Saale, Rehlingen/Saar, and 

Weil/Rhine sampling sites (r2 = 0.69−0.89 for HHCB and 0.89−0.97 for AHTN with p < 

0.003) (Figure 3.4).  Environmental halving times for HHCB levels in fish at Barby/Elbe, 

Wettin/Saale, Rehlingen/Saar, and Weil/Rhine were subsequently calculated to be 3.0, 

4.1, 5.9, and 7.0 y, respectively.  Similarly, environmental halving times for AHTN were 

estimated to be 1.3, 2.6, 2.2, and 3.9 y at Barby/Elbe, Wettin/Saale, Rehlingen/Saar, and 

Weil/Rhine, respectively.  At these four sites, the rate of dissipation of AHTN in fish 

tissue is ∼2× higher than HHCB.  Temporal trends and changes in HHCB/AHTN ratio 

from 1995−2008 in select GESB sampling locations suggest a change in HHCB and 

AHTN production and/or consumption pattern.  Similar trends in HHCB and AHTN 

consumption patterns and changes in the HHCB/AHTN ratio, increasing from 2.7 to 4.0 

over the period of 1992–2000, were observed in Europe (81).  For samples examined in 

this study (from 2008), a HHCB/AHTN tissue concentration ratio for the Saar River was 

∼31, which is ∼3× the ratio that was measured at any other GESB sampling location.  

The HHCB/AHTN ratio measured in fish tissue at Güdingen/Saar from 1995 to 2001 

provided a linear relationship with a slope of 0.75 (r2 = 0.79); however, from 2001 to 

2008 there was a noticeable increase in the slope of this relationship to 3.7 (r2 = 0.98; 

Figure 3.5A).   A similar change in slope from 1995 to 2001 (0.98; r2 = 0.85) and 2001 to 

2008 (2.8; r2 = 0.94) was observed at Rehlingen/Saar (Figure 3.5B).  From 2001 to 2003, 

both Saar sites experienced a 2-fold increase in HHCB/AHTN ratio.  Typically, changes 

in HHCB/AHTN ratios are associated with differences in HHCB and AHTN sorption to  
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Figure 3.4.  Fish tissue concentrations from this study (2008) and that reported by Rudel 
et al. (44) (1995–2003) at Weil/Rhine, Rehlingen/Saar, Wettin/Saale, and Barby/Elbe: A) 
HHCB and B) AHTN. 
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sediment and differences in degradation rates such as biodegradation and 

photodegradation (37, 81, 84).  In March 2001, a new WWTP began operations at 

Brebach at the Güdingen/Saar site with a PSL of 37 km downstream to the 

Rehlingen/Saar (85).   The operation of this new plant improved the overall water quality 

within the Saarland watershed (86).   In 2001, the HHCB/AHTN ratio in fish tissue 

measured at Weil/Rhine, Iffezheim/Rhine, Bimmen/Rhine, and Wettin/Saale was 8.9 

(44).  However, after the new Brebach WWTP began operations in 2001, the 

HHCB/AHTN ratio in fish tissue from the Saar River increased from 8.4 in 2001 to ∼31 

in 2008.  Excluding the Saar sampling locations, the mean HHCB/AHTN ratio was ∼10 

in 2008.  This observation suggests that the new Brebach WWTP potentially contributed 

to the noticeable change in HHCB/AHTN ratio measured in fish tissue at both 

Güdingen/Saar and Rehlingen/Saar. 

Observations of the present study are similar to findings of retrospective 

monitoring of synthetic musks by Rüdel et al. (44).  For example, the HHCB tissue 

concentrations were measured in the order of HHCBSaar > HHCBSaale > HHCBRhine > 

HHCBElbe in both studies.  In case of AHTN, tissue concentrations were measured in the 

order of AHTNSaar > AHTNSaale > AHTNRhine in both studies.  However, AHTN was not 

measured in the Elbe River in this study.  In the Rhine River, the highest concentrations 

of HHCB and AHTN were found at Iffezheim/Rhine in both studies.  Similarly, higher 

level of HHCB was measured at Blankenese/Elbe than at Barby/Elbe in the Elbe River. 
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Figure 3.5.  HHCB/AHTN ratio as a function of time: A) Gudingen/Saar and B) 
Rehlingen/Saar. 
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Besides HHCB and AHTN, fish tissue concentration of celestolide, musk ketone, 

and musk xylene have also been measured previously in GESB samples from the Rhine, 

Saar, Elbe, Saale, and Mulde rivers (1993–1999) (44).  In this study, temporal 

relationships for celestolide, musk ketone, and musk xylene were examined at 

Prossen/Elbe, Barby/Elbe, Rehlingen/Saar, and Weil/Rhine.  At these sites, celestolide 

tissue concentrations were observed decreasing from 1993 to 1999 with r2 values ranging 

from 0.78 to 0.99 (p = 0.005 − 0.119).  The calculated environmental halving times for 

celestolide fish tissue concentrations at Prossen/Elbe, Barby/Elbe, Rehlingen/Saar, and 

Weil/Rhine were 2.8, 3.2, 3.8, and 8.5 y, respectively.  Celestolide regressions were then 

extrapolated to 2008 for the four sites.  Predictive tissue concentrations ranged from 0.57 

to 4.0 ng g−1 lw, which are <MDL in this study.  Musk ketone and musk xylene tissue 

concentrations were also observed decreasing from 1993 to 1999 at Prossen/Elbe, 

Barby/Elbe, Rehlingen/Saar, and Weil/Rhine (r2 = 0.57−0.95, p = 0.026−0.266).  These 

regressions were also extrapolated to 2008, and musk ketone and musk xylene tissue 

concentrations were predicted to be <MDL (Table A.2). 

Though alkylphenols ethoxylates were not observed in the present study, 

alkylphenols, including p-octylphenol, p-nonylphenol, and their ethoxylates, was 

previously quantified in GESB fish samples (1993−2001) (45).  There was a significant 

decrease in p-nonylphenol tissue concentrations at Barby/Elbe (r2 = 0.86 and p = 0.002) 

and Weil/Rhine (r2 = 0.67, p = 0.046) from 1993 to 2001, with environmental halving 

times of p-nonylphenol fish tissue concentrations of 2.9 and 5.3 y, respectively.  Again, 

regressions were extrapolated to 2008 and predicted the p-nonylphenol tissue 

concentrations of 1.0 and 0.9 ng g−1 ww at Barby/Elbe and Weil/Rhine, respectively, 
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which were similar to our MDL of 1.2 ng g−1.  There was a significant decrease in p-

octylphenol tissue concentrations at Barby/Elbe from 1993 to 2001 (r2 = 0.70, p = 0.02) 

with environmental halving times of p-octylphenol fish tissue concentrations of 3.5 y.  

Regression was extrapolated to 2008 and predicted a p-octylphenol tissue concentration 

of 2.7 ng g−1 ww, which is similar to our MDL of 3.1 ng g−1.  

Comparison with the USEPA National Pilot Study  

PPCP fish tissue concentrations from the present study (collected in 2008) in 

Germany were also compared with a similar PPCP national study in the United States 

(2006) (Figure 3.6) (8).  Ramirez et al. (8) reported PPCP fish tissue concentrations in 

five major WWTP effluent-dominated U.S. streams, which represent worst-case 

scenarios for studying PPCPs accumulation in fish.  Mean HHCB fish tissue levels in the 

United States (48 700 ng g−1 lw) were ∼19× than that observed in Germany (excluding 

nondetects at Lake Belau).  Similarly, mean AHTN tissue concentration (4860 ng g−1 lw) 

in the United States (excluding nondetects at Little Econlockhatchee, Orlando) was ∼28× 

greater than that observed in Germany (excluding nondetects at Elbe, Mulde, and Lake 

Belau).  In fact, HHCB and AHTN fish tissue concentrations from the United States (8) 

were similar to fish tissue concentrations measured in the Saar River, Germany a decade 

earlier (44). However, HHCB and AHTN fish tissue concentration have been decreasing 

over the past decade in the Saar River (Figure 3.4).  Though HHCB and AHTN 

production/consumption volumes in Europe from 1995 to 2000 decreased by 4 and 39%, 

respectively (81), production/consumption volume of polycyclic musks increased by 

∼25% from 1996 to 2000 in the United States (87).  HHCB and AHTN represent ∼90% 

of the United States polycyclic musk market (88).  Thus, the different HHCB and AHTN 
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fish tissue concentrations in Germany and the United States may be influenced by these 

production/consumption patterns; however, a more comprehensive comparison of 

Germany and the United States production/consumption patterns could not be obtained 

due to limited polycyclic musk market data. 

DPH was the only pharmaceutical measured in the U.S. and German pilot studies 

(Figure 3.6A).  Similar to observations for musks, levels of DPH in fish tissue (1.2−1.7 

ng g−1 ww) from the U.S. were 17× greater than those observations of the present study 

from Germany (0.04−0.07 ng g−1 ww).  DMS, a relatively stable metabolite of STL, was 

not included in the U.S. study, but was measured in Germany with a mean tissue 

concentration of 3.28 ng g−1 ww at Ulm/Danube and 1.65 ng g−1 ww in one of the 

duplicate samples at Güdingen/Saar.  These concentrations are comparable to levels of 

DMS previously reported by Brooks et al. (51), which subsequently stimulated a number 

of recent studies of the consequences of fish bioaccumulation of SSRIs, their active 

metabolites, and other PPCPs (68).  

Because thresholds of pharmaceutical exposure resulting in adverse effects on fish 

and other wildlife are poorly understood, particularly when chronic responses resulting 

from therapeutic modes/mechanisms of action are examined (89), several groups have 

explored use of human therapeutic concentrations (e.g., Cmax values) to potentially 

identify adverse thresholds of exposure for fish models (50, 68, 90-92).  For example, 

Fick et al. (91) observed that when fish were exposed to effluent discharges, a number of 

pharmaceuticals accumulated in fish plasma, and levongestrel levels exceeded human 

therapeutic dose levels.  Further, Valenti et al. (90, 93) recently coupled physiological 

based pharmacokinetic modeling and adverse outcome pathway approaches to predict 
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bioaccumulation and adverse effects of sertraline in fish.  When sertraline accumulation 

in fish plasma reached human therapeutic plasma concentrations, the pharmacological 

target of SSRIs and ecologically relevant behaviors were significantly altered (90).  

Though human therapeutic doses vary over 8 orders of magnitude with 10% of 

pharmaceuticals possessing Cmax values below 0.00347 μg mL−1 (68), more potent 

pharmaceuticals are expected to correspondingly exhibit higher potency in fish (94). A 

recent prediction suggested that 10% of pharmaceuticals may be expected to accumulate 

to human therapeutic levels in fish at the environmentally relevant surface water 

concentration of 29 ng L−1 (95).  Thus, it appears clear that additional studies relating 

bioaccumulation to toxicological thresholds are necessary to support future 

environmental risk assessments of PPCPs in aquatic systems.  In fact, a recent 

international horizon scanning exercise identified relationships between bioaccumulation 

and ecological effects as major areas of research need for understanding the risks of 

PPCPs in the environment (96).  

Percentage Lipid and Analytes’ Tissue Concentration  

The correlation between the percent lipid content and the measured tissue 

concentration of HHCB and AHTN has been demonstrated (Figure 3.7).  The logarithmic 

fish tissue concentration of HHCB and AHTN were positively correlated with percent 

lipid contents in fish tissue composites (HHCB: r
2 

= 0.71, p = 0.001 and AHTN: r
2 

= 0.59, 

p = 0.043).  The HHCB and AHTN concentrations from Saar were not plotted.  Potential 

correlations of pharmaceuticals fish tissue concentration with lipid content could not be 

investigated due to insufficient data.  The pharmaceuticals fish tissue concentrations were 

not correlated with lipid content from fish collected from the United States (8).  In fact, 
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Figure 3.6.  Comparison of PPCPs fish tissue concentrations measured in this study and 
the USEPA pilot study: A) Pharmaceuticals and B) Personal care products.  PPCPs fish 
tissue concentrations from the USEPA study are presented as site averages from North 
Shore Channel (Chicago), the Trinity River (Dallas), Little Econlockhatchee (Orlando), 
the Salt River (Phoenix), and Taylor Run (West Chester).  PPCPs fish tissue 
concentrations from this study are presented as river average concentrations.  STL = 
sertraline; DPH = diphenhydramine; DMS = Desmethylsertraline; HHCB = galaxolide; 
AHTN = tonalide.  HHCB and AHTN plotted data are lipid normalized.  No bar is shown 
where the tissue concentrations were <MDL and not detected. 
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the bioaccumulation potential depends on the physiological pH (97), metabolism, and 

degree of ionization (pKa) (8).  HHCB and AHTN have lower ionization properties than 

that of pharmaceuticals that make them more bioaccumulative. 
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Figure 3.7.  Correlations of HHCB and AHTN fish tissue concentrations with lipid. 



 

56 
 

CHAPTER FOUR 
 

Enhanced Pressurized Liquid Extraction Technique Capable of Analyzing 
Polychlorodibenzo-p-dioxins, Polychlorodibenzofurans, and Polychlorobiphenyls in Fish 

Tissue 
 

This chapter published as: Subedi, B.; Usenko, S. Enhanced pressurized liquid extraction 
technique capable of analyzing polychlorodibenzo-p-dioxins, polychlorodibenzofurans, 

and polychlorobiphenyls in fish tissue. J. Chromatogr. A 2012, 1238, 30-37. 
 
 

Abstract 

A high-throughput enhanced pressurized liquid extraction technique was 

developed by incorporating pressurized liquid extraction and multiple cleanup 

techniques.  USEPA methods of polychlorodibenzo-p-dioxins, polychlorodibenzofurans 

(PCDD/Fs) and dioxin-like polychlorobiphenyls (dl-PCBs) analysis in fish tissue include 

independent silica gel, Florisil®, alumina, and CarbopackTM/Celite® column cleanup 

techniques following extraction.  Under the improved method, fish composites (∼10 g) 

were extracted and cleaned simultaneously using alumina (∼10 g), Florisil® (∼10 g), 

silica gel (∼5 g), Celite® (∼5 g), and CarbopackTM (∼0.5 g).  Clean extracts were 

concentrated and then analyzed by high-resolution gas chromatography coupled with 

electron capture negative ionization mass spectrometry.  CarbopackTM/Celite® within the 

extraction cell provided the analytical separation of dl-PCBs from PCDD/Fs, reducing 

potential molecular interferences.  The average recoveries (n = 3) of dl-PCBs in 

dichloromethane:hexane (1:1, v/v) extracts were 93 ± 2.4% and PCDD/Fs in toluene 

extracts were 85 ± 3.0%.  The developed method was applied to measure the PCDD/Fs 
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and dl-PCBs in catfish from San Jacinto River Waste Pits, a Superfund site in Houston, 

TX.  The dl-PCBs were measured at 5.0–17 000 pg g−1 ww.  Sample preparation time and 

solvents were reduced as much as 95% and 65%, respectively, as compared to USEPA 

method 1613.  

Introduction 

Polychlorodibenzo-p-dioxins (PCDDs), polychlorodibenzofurans (PCDFs), and 

dioxin-like polychlorobiphenyls congeners (dl-PCBs) constitute a class of chlorinated 

compounds of great concern due to their persistent, bioaccumulative, and toxic 

characteristics (98-101).  These compounds enter into the environment as byproducts of 

municipal and industrial waste incinerators (102), chlorophenols industries (103), and 

pulp and paper mill effluents (104).  PCDD/Fs and dl-PCBs have been measured, 

employing different analytical methodologies, such as EPA 1613, EPA 1668, EPA 

8290A, and European Standard Method EN1948-1/2/3, in different environmental 

matrices such as sediments (105), fish (106), birds (107), human serum, and adipose 

tissue (108).  

Analytical methods used in the routine analysis of PCDD/Fs and dl-PCBs in 

complex biological matrices such as fish tissues usually require the removal of more 

polar and nonpolar interferences using the individual adsorbent column cleanup and/or 

gel permeation chromatography (7, 109, 110).  Analytical methods that utilize multiple 

individual cleanup techniques are time, cost, space, and labor intensive as well as 

increase potential loss of target analytes and surrogates during sample preparation.  

Excluding these cleanup steps typically resulted in additional instrument maintenance 

and/or reduced analyte response.  
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Significant analytical improvements have been made over the past few years by 

combining the necessary extraction techniques with individual cleanup techniques.  Silica 

gel cleanup has been combined with PLE for the analysis of different classes of analytes 

such as polynuclear aromatic hydrocarbons in fish and mussel tissue (56), 

pharmaceuticals and personal care products in fish tissue (30), polybrominated biphenyl 

ether and PCBs in sheep liver (111), and 2,3,7,8-tetrachloro dibenzo-p-dioxin (TCDD) in 

sediments (22).  PLE combined with the silica gel cleanup technique for TCDD reduced 

the sample preparation time and extraction solvents by 15% and 52%, respectively, as 

compared to extraction followed by an independent silica gel column cleanup (22).  

Sulfuric acid impregnated silica, as a fat retainer, was also employed an improved PLE 

technique for the analysis of PCDD/Fs and dl-PCBs in food and feed samples.  Gomez-

Ariza et al. (112) reported an improved PLE technique, termed selective pressurized 

liquid extraction (SPLE), for measuring PCBs in ~2 g of biological samples, which 

incorporated Florisil® into the accelerated solvent extraction (ASE) cell.  This SPLE 

technique reduced the sample preparation time and extraction solvents by 94% and 84%, 

respectively, as compared to a conventional Soxhlet extraction.  This SPLE study 

recommended a post-extraction cleanup step when incorporating only silica or alumina 

within ASE cell.  Haglund et al. (113) expanded the capacity and breadth of the SPLE 

technique to a higher capacity cell (66 mL) and included PCBs as well as PCDD/Fs in 

analysis of fish oil.  This increase in extraction cell volume resulted in an increase in 

sample capacity and robustness.  Haglund et al. (113) was also able to integrate carbon 

fractionation (CarbopackTM/Celite®) with PLE, which allowed for the separation of 

PCDD/Fs from PCBs.  However, this SPLE technique required an additional post-
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extraction cleanup step (113).  Post-extraction cleanup involves pre-conditioning, 

conditioning, and elution of analytes.  A high-throughput analytical method incorporating 

all necessary column cleanup techniques such as silica gel, Florisil®, alumina, and 

CarbopackTM/Celite® with PLE for the analysis of PCDD/Fs and dl-PCBs in fish tissue 

has not yet been reported.  

The objective of this study was to develop and validate a high-throughput low-

cost analytical method capable of analyzing PCDD/Fs and dl-PCBs in fish tissue by 

incorporating all cleanup adsorbents recommended by EPA 1613 with PLE.  All the 

necessary cleanup adsorbents, including an integrated carbon fractionation, were 

incorporated into a single automated step.  This enhanced pressurized liquid extraction 

(ePLE) technique eliminated an additional post-extraction cleanup(s) by combining all 

cleanup adsorbents with PLE.  ePLE expands on historical PLE techniques by layering 

known sample preparative adsorbent(s) (silica gel, Florisil®, alumina, and 

CarbopackTM/celite®) beneath the sample homogenates within the accelerated solvent 

extractor cell.  During ePLE, analytes and interferences were extracted from the sample 

and subsequently partition between the pressurized extraction solvent(s) and the 

adsorbents within a commercially available high-capacity 100 mL cell (ASE 350) at high 

pressure and high temperature.  Significant analytical improvements were achieved by 

combining historical extraction solvents and cleanup adsorbents based on EPA 1613 with 

PLE, namely a reduction in the intrinsic costs associated with the sample preparation 

protocol: time (~95%), solvents (~65%), labor, laboratory space and training, and 

potential loss of analytes.  As a result of these analytical improvements, laboratory 

capacity and preparedness was also increased for the analysis of PCDD/Fs and dl-PCBs 
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in fish tissue.  This analytical method was validated using a triplicate recovery study on 

fish fillet composites as well as certified reference material (CRM; CARP-2).  The 

analytical method was employed to examine environmental concentration of PCDD/Fs 

and dl-PCBs in catfish from San Jacinto River Waste Pits, Houston, TX. 

Experimental 

Analytes and Reagents  

The analytes include the 7 PCDDs, 10 PCDFs, and 12 dl-PCBs recommended by 

WHO/IPCS 2005 TEFs for human risk assessment (100).  Surrogates include 13C12-

labelled PCDD/Fs analogue of 7 PCDDs and 10 PCDFs congeners, 13C12-PCB 77, 13C12-

PCB 81, 13C12-PCB 126, and 13C12-PCB 169.  13C12-PCB 189 was used as an internal 

standard.  The native and 13C12-labeled PCDD/Fs and dl-PCBs were purchased from 

Wellington Laboratories (Wellington Laboratories Inc., ON, Canada).  Perfluorokerosene 

(PFK), Florisil®, CarbopackTM C (80–100 mesh size), activated acidic and basic 

aluminum oxide (Brockmann-I), and Celite® 545RG resin were purchased from Sigma 

Aldrich (Aldrich Chemical Company, MO, USA).  Ultra resi-analyzed® granular sodium 

sulfate (12–60 mesh size), toluene (TOL), and dichloromethane (DCM) were purchased 

from J. T. Baker (Mallinckrodt Baker Inc., NJ, USA).  High purity silica Gel® 60 Ǻ and 

ultra resi-analyzed® n-hexane (HEX) were purchased from VWR international (VWR 

International, PA, USA). 

Fish Samples 

Farm-raised Tilapia fillets were purchased from a local grocery store and used for 

method development and validation.  As part of method validation, triplicate recovery 
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experiment was performed on tilapia composites, which have no background 

concentrations of PCDD/Fs and dl-PCBs. CRM, CARP-2, was purchased from National 

Research Council, Canada.  Black drum (Pogonias cromis) and catfish (Ictalurus 

punctatus) were collected from San Jacinto River Waste Pits, Houston, TX.  Collection 

and fish fillet tissue homogenization were according to the standard EPA protocols and 

have been previously described (99).  Method detection limits (MDLs) were determined 

on black drum, and the developed methodology was employed to examine the concerned 

contaminants in catfish.  Samples were stored at −85 ºC prior to extraction. 

Adsorbents Optimization 

Efficiencies of adsorbents were examined in terms of the analytes’ recoveries and 

effectiveness of sample cleanup in removing interferences i.e. sample cleanliness.  

Different adsorbent combinations and ratios were examined with analyte spike and 

recovery experiments.  Fish composites (~5 g) were fortified with analytes (continuous 

calibration verification (CCV) level extracted using ePLE, concentrated, fortified with 

surrogates and internal standard, and analyzed as described below.  ePLE was performed 

using an accelerated solvent extraction (ASE 350, Dionex, Sunnyvale, CA).  All 

adsorbents were pre-cleaned as described below.  

Sample cleanliness was examined utilizing gel permeation chromatography-

ultraviolet (GPC-UV) and gas chromatography electron impact ionization mass 

spectrometry (GC-EI/MS).  Fish composites (~5 g) were extracted using ePLE, 

concentrated, and followed by GPC cleanup.  Additional samples were extracted, 

concentrated, and analyzed with GC-EI/MS without GPC cleanup.  Moreover, one of the 

triplicate recovery samples, which was processed through the finalized ePLE technique, 
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was analyzed using GC-ECNI/MS to examine the sample cleanliness in terms of 

repeatability on analyte recoveries (n = 7) and requirements of additional instrumental 

maintenance. 

Enhanced Pressurized Liquid Extraction 

Adsorbents recommended by EPA method 1613, such as silica, Florisil®, 

CarbopackTM/celite®, and alumina, were layered in the ASE cell (Figure 4.1).  Fish tissue 

homogenate was placed at the top of pre-cleaned adsorbents layers.  Potential matrix 

interferences were preferentially adsorbed after passing through the adsorbents layers 

beneath the fish tissue homogenate during the ePLE.  Target analytes and potential matrix 

interferences not adsorbed were allowed to pass through the adsorbent layers and 

collected in an ASE bottle.  

EPA method 1613, 1668, and 8290A used column chromatography that contained 

CarbopackTM with Celite® to separate dl-PCBs from PCDD/Fs, thereby reducing 

potential molecular interferences associated with the PCDD/Fs analysis.  In this study, 

DCM:HEX (1:1) and TOL were examined to separate PCDD/Fs from dl-PCBs using 

ePLE. The CarbopackTM/Celite® layer was specifically added to the ASE cell to 

preferentially adsorb PCDD/Fs during the first extraction with DCM:HEX (1:1).  dl-

PCBs were not preferentially adsorbed to CarbopackTM/Celite® and eluted with 

DCM:HEX (1:1).  However, PCDD/Fs were eluted from the CarbopackTM/Celite® during 

the second extraction step with TOL. 
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Figure 4.1.  Schematic of the finalized ePLE technique. 
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In the final method, samples were allowed to thaw for an hour and ~10 g 

composites were homogenized with anhydrous Na2SO4 (1:4 ratio) to remove excess 

water using pestle and mortar.  Na2SO4 was baked at 500 ºC for 5 h and allowed to cool 

prior to use.  The fish tissue homogenate was packed into a 100 mL cell (ASE 350) that 

contained pre-cleaned adsorbent layers of 10 g alumina, mixture of 5 g Celite® and 0.5 g 

CarbopackTM, 10 g Florisil®, and 5 g of silica gel from top to bottom (Figure 4.1).  The 

Celite® and CarbopackTM (10:1 by weight) were thoroughly mixed prior to use.  The 

analyte or surrogate fortified composites were allowed ~20 min for solvent evaporation 

and equilibrium prior to extraction.  Samples were extracted first with 1:1 (v/v) 

DCM:HEX (1 cycle) followed by a TOL (1 cycle) extraction (each at 100 °C, 1500 psi, 1 

cycle, 5 min static time, 290 s purge time, and 75% flush volume).  PLE conditions were 

kept constant to reduce the overall number of variables.  Both extracts were collected 

separately.  Column packed adsorbents were pre-cleaned with 1:1 (v/v) DCM:HEX and 

TOL using the ASE under identical sample extraction conditions.  Both extracts 

underwent solvent exchange to HEX.  Fish tissue extracts were concentrated to ~150 µL 

under a gentle stream of nitrogen at 35 °C for DCM:HEX extracts and 55 °C for TOL 

extracts using Turbo Vap II (Zymark, Hopkinton, MA).  Concentrated extracts were 

transferred to a 500 µL glass insert using at least three HEX rinses.  Surrogate mixtures 

were fortified at third highest calibration level for the adsorbent optimization, triplicate 

recovery, and MDL studies.  An internal standard was spiked at third highest calibration 

level to a final volume of 250 µL.   
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Extract Analysis 

 Analysis was performed using high-resolution gas chromatography coupled with 

electron capture negative ionization mass spectrometry (HRGC-ECNI/MS).  Agilent 

7890A (Agilent Technologies Inc., Santa Clara, CA, USA) GC system coupled with 

5975C inert XL EI/CI MSD triple axis detector and 7683B series injector was used.  One-

microliter sample was injected in pulsed splitless injection mode at 250 °C and 60 psi.  

Injection pulse pressure was maintained for 0.74 min and followed by 40 mL min-1 purge 

flow to split vent at 0.75 min. Initial flow rate of helium carrier gas (99.999%) was 2.88 

mL min-1.  Methane (99.999%) was used as a chemical ionization buffer gas.  

Chromatographic separation was performed using a capillary DB-Dioxin (60 m × 0.25 

mm × 0.15 µm) column (J & W Scientific, USA).  The GC temperature program 

comprised of initial temperature of 140 °C, 10 °C min-1 temperature ramp to 240 °C, hold 

for 10 min, and the final ramp at 5 °C min-1 to 260 °C.  The thermal auxiliary transfer line 

and source temperatures were 250 °C while the quadrupole temperature was 200 °C. 

Target analyte concentrations were verified using HRGC-HRMS.  Agilent 6890N 

GC system coupled with VG Prospec (Fisons Instrument, Manchester, UK) and 7683 

series injector and autosampler was used.  One-microliter sample was injected in splitless 

injection mode at 260 °C and 60 psi.  Injection was purged for 2 min at 40 mL min-1.  

The constant flow rate of helium carrier gas (99.999%) was maintained throughout the 

run with an initial flow rate of 1.5 mL min-1.  Chromatographic separation was performed 

using a capillary DB-Dioxin column as described above.  The GC temperature program 

comprised of initial temperature of 140 °C, 10 °C min-1 temperature ramp to 220 °C, hold 

for 10 min, and the final ramp at 5 °C min-1 to 265 °C.  The final temperature was held 

for 34 min with a total run time of 61 min.  The transfer line and source temperatures 
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were 250 °C.  Qualitative and quantification ions were monitored at electron energy of 35 

eV and a mass resolution of 10 000 (5% valley definition).  Verification of the resolution 

in the working mass range was maintained during experimental calibration by measuring 

PFK reference peaks.  The trap and emission currents were 650 µA and 1.57 mA, 

respectively.  

Isotope dilution mass spectrometry was utilized for the quantification of target 

analytes.  Two chlorine isotope ions were monitored for qualitative and quantification 

purpose through ECNI (Table 4.2) as well as HRMS selective ion monitoring mode for 

each analytes, surrogates, and internal standard.  Due to reduced sensitivity through 

ECNI technique, 2,3,7,8-TCDD and 13C12-2,3,7,8-TCDD were quantified using HRMS.  

Seven-point calibration curves (concentration ranging from 0.5 to 100 ng µL-1) 

were prepared by plotting the concentration dependent response factor of each target 

analyte (peak area of analytes divided by peak area of surrogates) versus the response 

dependent concentration factor (concentration of analytes divided by concentration of 

surrogates).  However, 13C12-OCDD, OCDF, and 13C12-OCDF calibration concentrations 

ranged from 1 to 200 ng µL-1, and OCDD had five-point calibration curve ranging from 

10 to 200 ng µL-1.  Response factor relative standard deviations (RSD) for surrogates 

were <4.0% from equal weighting average of response factor, and the coefficient of 

determinations (r2) for analytes from equal weighting linear regression were ≥0.998. 

Quality Assurance and Quality Control 

The peak identification of analytes was based on the retention time (±0.05 min) 

and qualitative to quantitative ion response ratio (±20%).  Quality assurance and quality 

control during sample analysis were monitored by running a CCV standard solution at 
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regular intervals (every 4th injection).  CCV standard solution includes all analytes, 

surrogates, and internal standard at the middle point of the calibration curve.  Analyte 

recoveries beyond ±25% range from CCV analyses required instrumental maintenance 

such as replacing the injection liner, cutting the head of the capillary column, and/or 

constructing a new matrix-match calibration curve.  A matrix blank and a laboratory 

reagent blank were included during sample preparations and analyzed.  The laboratory 

reagent blank analyzed prior to and after each sample batch showed no laboratory 

contamination of target analytes. 

Method Validation 

 
Triplicate recovery study and MDLs determination.  A triplicate spike and 

recovery experiment was used to validate the entire analytical method.  Tilapia fish 

composites (~10 g) were homogenized with ~40 g of anhydrous Na2SO4, fortified with 

analytes (CCV level), extracted using ePLE, concentrated, spiked with surrogates and 

internal standards, and analyzed as described above.  A matrix blank (~10 g fish 

composites) and a laboratory reagent blank were fortified with surrogates prior to the 

extraction.  

Statistically derived MDLs were calculated with seven replicates of ~10 g black 

drum fish composites.  Fish composites were fortified with analytes prior to extraction at 

the second lowest calibration level, extracted using ePLE, concentrated, fortified with 

surrogates and internal standard, and analyzed as described above.  MDLs were 

calculated by multiplying the standard deviation by the one-sided Student’s t-statistic 

(99% confidence) (59).  Background analyte concentrations were determined using ~10 g 
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black drum fish composites that were fortified with surrogates prior to extraction.  

Surrogate fortified laboratory reagent blank was also included in sample preparations and 

analyzed.  

 
CRM analysis.  The finalized method was also validated using CRM (CARP-2).  

Approximately 10 g CARP-2 composites (n = 3) were fortified with surrogates at the 

third highest calibration level.  Tissue extractions, concentrations, and analyses were as 

described above.  A laboratory reagent blank, fortified with surrogates, was included in 

sample preparations and analyzed. 

 
Analysis of environmental samples.  Six catfish fillet composites (~10 g) were 

analyzed utilizing the ePLE method for PCDD/Fs and dl-PCBs.  Catfish fillet composites 

were homogenized with anhydrous Na2SO4.  Homogenates were fortified with 

surrogates at third highest calibration level prior to the PLE.  Fish tissue composites were 

extracted, concentrated, and analyzed as described above.  One of the six catfish 

composites was selected for a matrix spiked study (n = 2), and were fortified with 

analytes (at CCV level) and surrogates (at the third highest calibration level) prior to 

ePLE.  A laboratory reagent blank, fortified with surrogates, was also included in sample 

preparations and analyzed. 

Results and Discussions 

Adsorbents Optimization 

Tilapia fish composites (~5 g) were used for the adsorbents optimization.  

Average recovery of PCDD/Fs and dl-PCBs were within ±5% and ±10%, respectively 
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(Figure 4.2), for all examined combinations of adsorbents.  Surrogate recoveries of 

PCDD/Fs and dl-PCBs were within ±25%.  Matrix blanks showed no background 

concentrations.  Analytes recoveries for the examined combinations of adsorbents 

suggest that the PCDD/Fs and dl-PCBs were not retained by adsorbents present within 

the ASE cell.  

 

Figure 4.2.  Analytes recoveries with different adsorbents combinations: (A) fish and 
silica (1:1), (B) fish, silica, and Celite® (1:1:1), (C) fish, silica, Celite®, and Florisil® 
(1:1:1:1), (D) fish, silica, Celite®, Florisil®, and acidic alumina (1:1:1:1:1), (E) fish, 
silica, Celite®, Florisil®, and basic alumina (1:1:1:1:1), and (F) fish, silica, Celite®, 
Florisil®, acidic alumina, and basic alumina (1:1:1:1:1:1). 
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The adsorbents ratios were evaluated in terms of percentage analyte recoveries.  

Average recoveries of PCDD/Fs and dl-PCBs were 94 ± 4.1% and 95 ± 6.0%, 

respectively, for all adsorbent combinations (Table 4.1).  Average recoveries of PCDD/Fs 

and dl-PCBs were not significantly different by increasing fish composites to basic 

alumina from 1:1 to 2:1 or by increasing the fish composites to silica gel from 1:1 to 2:1.  

Adsorbent combinations with fish composites to total adsorbent mass ratios greater than 

1:2.5 resulted in increased instrument maintenance and decreases in instrumental 

sensitivity.  The total adsorbent mass utilized within the ASE cell was similar to the total 

adsorbent masses as described by EPA methods 1613, 1668, and 8290A.  The final total 

mass of adsorbents was 30 g (Florisil®, basic alumina, silica gel, and Celite® at 2:2:1:1 

ratios) for 10 g fish composites were selected for method validation.  Adsorbents were 

not optimized for the minimum amount required for the extracts cleanup since the 

optimized set of adsorbents provided the acceptable analyte recoveries and repeatability 

(see below). 

Table 4.1.  Analyte recoveries for different adsorbents combinations with 10 g fish 
composites. 

Total 
adsorbents by 
mass (g) 

Florisil®, basic 
alumina, silica gel, 
and Celite® ratio by 
mass 

Total polar 
adsorbents by 
mass (g) 

% Recovery ± std. dev. 

dl-PCBs PCDD/Fs 

35.0 2:2:2:1 20.0 90 ± 4.4 91.3 ± 8.0 
30.0 2:2:1:1 15.0 91 ± 3.4 93.7 ± 6.3 
25.0 2:1:1:1 10.0 91 ± 4.3 87.6 ± 6.0 
22.5 2:1:4:2 12.5 97 ± 3.9 98.5 ± 5.6 
17.5 1:1:1:4 5.0 101 ± 4.6 105 ± 4.0 
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Extracts Cleanliness 

Sample cleanliness was examined through a GPC-UV technique.  Interferences 

removal efficiencies were evaluated with and without GPC cleanup following the ePLE 

technique.  Average recoveries of PCDD/Fs and dl-PCBs were within ±25% (data not 

shown) in both cases.  Even though the average recoveries of PCDD/Fs and dl-PCBs 

were within ±25%, samples with significant interference load decrease the high-

throughput nature of the method and resulted in increased HRGC-ECNI/MS 

maintenance.  Removal of a significant amount of potential matrix interferences by 

employing Florisil® as well as the combination of Florisil® and Celite® was observed 

within the optimized analyte fraction-collection time (14–21 min) (Figure 4.3).  The bulk 

of the extractable matrix, potential interferences of PCDD/Fs and dl-PCBs analyses, was 

significantly removed.  As a result, Florisil® and Celite® within ASE cell eliminate the 

need for GPC cleanup for the removal of high molecular weight interferences.  

Sample cleanliness was also evaluated in terms of a GC-EI/MS (full scan) 

technique.  Fish composites were extracted as explained above with the different 

adsorbents combinations (See above).  Florisil® reduced the overall background noise by 

at least factor of 3 (Figure 4.4).  Reduced background noise indicates that the potential 

bulk interferences were removed by employing Florisil® and Celite® within the ASE cell.  

Thus, GPC-UV chromatograms and EI-full scan chromatograms suggest that the Florisil® 

or Florisil® and Celite® combination is required to remove the significant amount of high 

molecular weight interferences.  
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Figure 4.3.  GPC-UV chromatograms following the simultaneous extraction and cleanup: 
(A) fish composites (~5 g), silica, and Celite® (1:1:1), (B) fish composites (~5 g), silica, 
and Florisil® (1:1:1), and (C) fish composites (~5 g), silica, Celite®, and Florisil® 
(1:1:1:1). 

Relative standard deviations from seven consecutive runs of one of the triplicate 

samples were within ±9.0% and ±3.0% for PCDD/Fs and dl-PCBs, respectively.  Based 

on CCV analyte recoveries (analyzed before and after the seven consecutive runs) as well 

as analyte responses, and peak shape suggest that no additional instrument maintenance 

was required.  This suggests that that sample cleanliness demonstrated by the ePLE 

technique was consistent with that of historical methods.  
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Separation of PCDD/Fs and dl-PCBs 

Separation of PCDD/Fs from dl-PCBs using ePLE with CarbopackTM/Celite® was 

evaluated in terms of analyte percentage recoveries on different extraction strategies.  

Fish composites (~10 g) were fortified with analytes and extracted with different 

extraction strategies using alumina, Florisil®, CarbopackTM/Celite®, and silica gel as 

described above.  A fish composite was extracted with two cycles DCM:HEX (1:1), 

which provided an average PCDD/Fs and dl-PCBs recovery of 23 ± 15% and 92 ± 4.0%, 

respectively (Figure 4.5A).  Based on initial poor PCDD/Fs recoveries, another 10 g of 

fish composite was extracted with two cycles DCM:HEX (1:1) followed by a two cycles 

TOL extraction.  The DCM:HEX and TOL extracts were collected and analyzed 

separately.  This two cycles DCM:HEX (1:1) extraction provided the average PCDD/Fs 

and dl-PCBs recoveries of 39 ± 14% and 97 ± 6.8%, respectively, and the two cycles 

TOL extraction provided average PCDD/Fs and dl-PCBs recoveries of 55 ± 16% and 1.6 

± 1.3%, respectively (Figure 4.5B).  To improve the analytical separation of PCDD/Fs 

and dl-PCBs, the number of cycles were reduced from two cycles to one cycle for both 

the DCM:HEX and TOL extraction.  

A fish composite was extracted with one cycle DCM:HEX (1:1) followed by a 

one cycle TOL extraction.  The DCM:HEX and TOL extracts were collected and 

analyzed separately.  The one cycle DCM:HEX extract provided an average PCDD/Fs 

and dl-PCBs recovery of 6.7 ± 4.5% and 96.5 ± 1.6%, respectively (Figure 4.5C).  As a 

result of reducing the number of cycles from two to one, the PCDD/Fs recoveries were 

reduced from 39 ± 14% to 6.7 ± 4.5%.  However, the dl-PCBs recoveries were not 

significantly different.  The one cycle TOL extraction provided average PCDD/Fs and dl-

PCBs recoveries of 90.7 ± 4.8% and 5.0 ± 4.7%, respectively (Figure 4.5C).  This suggest  
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Figure 4.4.  EI-full scan chromatograms for the mass range of 50–600 m/z (A) fish 
composites (5 g) and silica (1:1), (B) fish composites (5 g), silica, and Celite® (1:1:1), (C) 
fish composites (5 g), silica, and Florisil® (1:1:1), and (D) fish composites (5 g), silica, 
Celite®, and Florisil® (1:1:1:1). 

that the planner PCDD/Fs molecules may be trapped between the graphite layers, which 

were later eluted by the planner solvent, toluene (114).  This also suggests that 

CarbopackTM (0.5 g)/Celite® (5.0 g) within the ASE cell were effective at separating 

greater than 90% of the dl-PCBs from the PCDD/Fs.  

Extraction strategy including one cycle TOL extraction followed by one cycle 

DCM:HEX (1:1) extraction was also examined.  The one cycle TOL extract provided an 

average PCDD/Fs and dl-PCBs recovery of 96.2 ± 2.5% and 94.2 ± 2.2%, respectively 
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(Figure 4.5D).  However, the one cycle DCM:HEX (1:1) extraction provided an average 

PCDD/Fs and dl-PCBs recovery of 6.66 ± 5.5% and 0.42 ± 1.7%, respectively (Figure 

4.5D).  Therefore, PCDD/Fs and dl-PCBs could not be separated by employing one cycle 

TOL extraction followed by one cycle DCM:HEX (1:1) extraction.  

Method Validation  

 
Triplicate recovery study and MDLs determination.  The entire analytical 

technique was validated by triplicate recovery study on ~10 g Tilapia fish composites.  

The average recoveries (n = 3) of PCDD/Fs in TOL extracts were 85.5 ± 3.0% (Figure 

4.6).  Similarly, the average recoveries (n = 3) for dl-PCBs in DCM:HEX (1:1) extracts 

were 93.2 ± 2.4% (Figure 4.6).  The individual surrogates recovery for both DCM:HEX 

(1:1) and TOL extracts were within ±25%.  Target analytes were not measured in matrix 

blanks and laboratory reagent blanks.  

Repeatability of the developed method was calculated in terms of RSD of each 

analyte recovery among the seven consecutive runs of one of the triplicate samples.  RSD 

of PCDD/Fs and dl-PCBs were within ±9.0% and ±3.0%, respectively.  These data 

illustrate the reproducibility and repeatability of entire the analytical method.  The MDLs 

of target analytes ranged from 1.96 to 10.1 pg g-1 wet weight (ww).  However, MDLs for 

TCDD and OCDD were determined from HRGC-HRMS technique, and were 28.0 and 

43.9 pg g-1 ww, respectively (Table 4.2). The background concentration of dl-PCBs 105, 

118, 123, and 156 were higher than the spiked concentrations; therefore, the MDLs 

determinations were not calculated.  
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Figure 4.5.  Separation of PCDD/Fs and dl-PCBs through solvents optimization: (A) two 
cycles DCM:HEX (1:1) extraction; (B) two cycles DCM:HEX (1:1) extraction followed 
by two cycles TOL extraction; (C) one cycle DCM:HEX (1:1) extraction followed by one 
cycle TOL extraction; and (D) one cycle TOL extraction followed by one cycle 
DCM:HEX (1:1) extraction.  ‘C’ represents the finalized extraction strategy. 

CRM analysis.  The analytical method was validated for PCDD/Fs and dl-PCBs in 

triplicate using 10 g of CRM (CARP-2).  dl-PCB-77, 81, 105, 114, 118, 123, 126, 167, 

156, 157, and 189 were measured in CARP-2 at concentrations ranging from 490 to 101 

000 pg g-1 ww.  CARP-2 provided reference or certified values for two dl-PCBs analytes: 

PCB-105 and PCB-118.  Using this analytical method, the average concentration of PCB-

105 and PCB-118 measured in CARP-2 were 45 000 ± 3900 and 101 000 ± 9700 pg g-1 

ww, respectively.  The reference PCB-105 and certified PCB-118 concentrations provid- 
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Figure 4.6.  Analyte percentage recoveries (n = 3) and the standard deviations over the 
entire analytical method. 

ed with CARP-2 was 53 200 ± 15 600 and 148 000 ± 33 000 pg g-1 ww, respectively.  

Using this analytical method, TCDD and TCDF were also measured at an average 

concentration of 13.9 ± 8.6 and 16.2 ± 4.8 pg g-1 ww, respectively.  The CARP-2 

reference concentrations of TCDD and TCDF were 7.4 ± 0.7 and 18.2 ± 1.6 pg g-1 ww, 

respectively.  Average surrogates recovery for PCDD/Fs and dl-PCBs in the CRM 

method validation (n = 3) were 100 ± 13 and 94.5 ± 6.4 pg g-1 ww, respectively.  
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Application of the developed method.  The developed analytical method has been 

utilized to measure the PCDD/Fs and dl-PCBs in catfish (n = 6) from San Jacinto River 

Waste Pits, Houston, TX.  Eleven of the twenty-nine analytes were measured in fish fillet 

tissue.  dl-PCB-105, 114, 118, 123, 126, 156, 157, 167, and 189 were measured at the 

100% frequency at 7.8 to 17 000 pg g-1 ww (Table 4.2) in catfish fillet.  The average 

concentration ratio of dl-pentachloro-PCBs (PCB-105, 114, 118, 123, and 126), dl-

hexachloro-PCBs (PCB-156 and 157), and dl-heptachloro-PCBs (PCB-189) were 

measured at 13:5:1.  The dl-PCB-77 and 81 (dl-tetrachloro-PCBs) were measured only in 

one (116 pg g-1 ww) and two (39 and 47 pg g-1 ww) of the six catfish fillet composites, 

respectively.  TCDD was measured in 5 of the 6 catfish fillets at <MDL with 

concentrations ranging from 4.7 to 18.7 pg g-1 ww.  TCDD was not detected in one of the 

catfish fillets.  dl-PCB-169 and the remainder of the PCDD/Fs were not detected in 

catfish fillet.  

In the matrix spiked study (n = 2), the average background corrected recoveries 

for PCDD/Fs and dl-PCBs were 109 ± 6.0% and 115 ± 9.6%, respectively.  

Concentrations higher than fortified levels were measured for dl-PCB-105, 118, and 123 

in catfish fillets (2870, 1470, and 9230 pg g-1 ww, respectively).  As a result, background 

corrected recoveries could not be calculated for dl-PCB-105, 118, and 123.  In the matrix 

spiked study, average recoveries of PCDD/Fs and dl-PCBs surrogates were 95 ± 10% and 

98 ± 2.6%, respectively.  Therefore, the developed analytical method is capable of 

measuring environmentally relevant fish tissue concentration of PCDD/Fs and dl-PCBs. 
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Comparison to USEPA Method 1613 and Other PLE Techniques 

The inherent cost associated with historic methods capable of simultaneously 

measuring both PCDD/Fs and dl-PCBs in fish tissue, such as EPA 1613, include time and 

labor, laboratory space, technical training, and solvent.  Utilizing the ePLE technique, the 

sample preparation time was reduced by ~95% (ePLE: ~30 min; cleanup: ~0 min; and 

concentration: ~30 min) as compared to the EPA 1613 (Soxhlet: ~18 to 24 h; cleanup: ~4 

h; and concentration: ~2 h).  This was achieved by combining the extraction step all the 

necessary cleanup steps into a single automated technique.  In addition, the laboratory 

space and trainings required for the analysis was also reduced with ePLE over 

conventional methods that require post-extraction cleanup steps.  Similarly, extraction 

solvent volume were reduced by ~65% (ePLE: ~300 mL) as compared to the EPA 1613 

(Soxhlet: ~400 mL; cleanup: ~500 mL).  Gomez-Ariza et al. (112) developed a SPLE 

technique without a post-extraction cleanup step that was capable of analyzing ~2 g of 

biological tissue for PCBs using only 55 mL of solvent in a 22 mL ASE cell.  The 

increase in solvent volume required by the ePLE technique was in part due to the second 

PCDD/F toluene extraction as well as the use of a 100 mL ASE cell.  It is important to 

note that the higher capacity cell provide a fivefold increase in sample capacity as 

compared to Gomez-Ariza et al. (112).   
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Table 4.2.  Environmental sample analysis (ww data) and statistically derived method 
detection limits. 

asamples analyzed through HRGC-HRMS; bmeasured only in one sample; cmeasured 
only in two samples; ND refers non-detect; N/A refers non-applicable explaining the 
background concentrations were higher than the spiking level. 

Analytes Monitored ions 
(m/z) in HRGC-
ECNI/MS 

Environmental sample analysis 

MDL 
( pg g-1) 
(n = 7) 

MS recovery (%) 
± std. dev. 
(n = 2) 

Range of tissue 
concentration 
(pg g-1) (n = 6) 

PCDDs     
2,3,7,8-TCDD a 321.9860, 319.6730 102 ± 9.8 4.70–18.7 28.0 
1,2,3,7,8-PeCDD 355.9, 357.9 113 ± 0.21 ND 4.84 
1,2,3,4,7,8-HxCDD 389.8, 391.8 109 ± 16 ND 5.11 
1,2,3,6,7,8-HxCDD 389.8, 391.8 114 ± 6.3 ND 5.17 
1,2,3,7,8,9-HxCDD 389.8, 391.8 108 ± 13 ND 5.15 
1,2,3,4,6,7,8-HpCDD 423.8, 425.7 101 ± 7.6 ND 9.66 
1,2,3,4,5,6,7,8-OCDD 459.7, 457.7 97.0 ± 7.9 ND 43.9a 
PCDFs     
2,3,7,8-TCDF 305.9, 303.9 114 ± 0.64 ND 9.45 
1,2,3,7,8-PeCDF 339.9, 341.9 113 ± 2.0 ND 2.53 
2,3,4,7,8-PeCDF 339.9, 341.9 111 ± 9.6 ND 2.83 
1,2,3,4,7,8-HxCDF 373.8, 375.8 114 ± 9.6 ND 2.74 
1,2,3,6,7,8-HxCDF 373.8, 375.8 116 ± 2.8 ND 2.74 
1,2,3,7,8,9-HxCDF 373.8, 375.8 113 ± 1.4 ND 3.38 
2,3,4,6,7,8-HxCDF 373.8, 375.8 116 ± 0.57 ND 3.63 
1,2,3,4,6,7,8-HpCDF 407.8, 409.8 112 ± 3.9 ND 1.96 
1,2,3,4,7,8,9-HpCDF 407.8, 409.8 101 ± 7.5 ND 2.17 
1,2,3,4,5,6,7,8-OCDF 443.8, 441.7 104 ± 2.9 ND 4.13 
dl-PCBs     
33'44'-TCB (PCB 77) 289.9, 291.9 122 ± 3.1 115b 3.39 
344'5-TCB (PCB 81) 289.9, 291.9 117 ± 17 39.0 and 47.0c 3.20 
233'44'-PCB (PCB 105) 325.9, 327.9 N/A 1,230–5,370 N/A 
2344'5-PCB (PCB 114) 325.9, 327.9 135 ± 14 70.0–365 3.61 
23'44'5-PCB (PCB 118) 325.9, 327.9 N/A 3,690–17,100 N/A 
2'344'5-PCB (PCB 123) 325.9, 327.9 N/A 510–2,590 N/A 
33'44'5-PCB (PCB 126) 325.9, 327.9 113 ± 4.0 7.80–32.0 3.39 
233'44'5-HxCB (PCB 156) 359.8, 361.8 101 ± 21 433–4,240 N/A 
233'44'5'-HxCB (PCB 157) 359.8, 361.8 109 ± 5.4 72.0–558 10.1 
23'44'55'-HxCB (PCB 167) 359.8, 361.8 112 ± 3.5 112–1,030 8.28 
33'44'55'-HxCB (PCB 169) 359.8, 361.8 116 ± 6.8 ND 2.50 
233'44'55'-HpCB (PCB 
189) 

393.8, 395.8 110 ± 12 38.0–431 2.62 
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Through automation and reduction of the number of steps, the ePLE technique 

also provided significant improvements in surrogate recoveries as compared to EPA 

method 1613 and other PLE methods.  Surrogate recoveries for the ePLE technique 

ranged from 75 to 125% as compared to the reported surrogates recovery of 17–197% by 

EPA 1613.  Haglund et al. (113) reported a surrogate recovery of 40–120% in the 

analysis of PCDD/Fs and PCBs in fish oil, which employed SPLE combined with in-cell 

activated carbon fractionation followed by a post-extraction cleanup step.  The ePLE 

technique provide similar analyte recoveries of 93.2 ± 2.4% as compared to Gomez-Ariza 

et al. (115), which reported >85% recoveries of PCBs in ~2 g of biological tissue.  The 

MDLs for PCBs (2–10 pg g-1) in this study were similar than that reported by Gomez-

Ariza et al. (115) (1–70 pg g-1 for PCBs) using SPLE in biota samples including fish.  

Conclusion 

This study represents the first example of combining all substantial cleanup 

techniques (silica gel, Florisil®, Celite®, CarbopackTM, and alumina) required for the 

analysis of PCDDs, PCDFs, and PCBs in fish tissue within a single automated 

pressurized liquid extraction technique.  As compared to previous analytical methods, 

this high-throughput methodology offers distinct advantages, namely a reduction in the 

intrinsic costs associated with the sample preparation protocol: time (~95% reduction), 

solvents (~65% reduction), and potential loss of analytes.  In addition, the laboratory 

space and trainings required for the analysis could be potentially reduced utilizing ePLE.  

This study also demonstrates that a layer of CarbopackTM/Celite® within the pressurized 

liquid extraction cell is capable of separating PCBs from PCDD/Fs, thereby reducing 

potential molecular interferences.  This analytical method also provides an increase in 
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laboratory capacity and preparedness associated with the analysis of PCDD/Fs and dl-

PCBs in fish tissues.  
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CHAPTER FIVE 
 

Conclusions 
 
 

The assessment of emerging and historical pollutants in aquatic systems requires 

the robust analyses of large sample sets.  Research was needed to improve the overall 

understanding of the fate and transport of both emerging contaminants such as PPCPs 

and historical contaminants including PCDD/Fs and PCBs in aquatic systems.  In order to 

address complex environmental issues the development of low-cost high-throughput 

analytical method was required.  Historical methods capable of measuring PPCPs or 

PCDD/Fs and PCBs are limited by the required consumables, labor, laboratory space, 

trainings, and potential loss of analytes.  To fulfill these analytical requirements, two 

high-throughput analytical methods with reduction in the intrinsic costs associated with 

the sample preparation protocol: time, solvents, labor, laboratory space, training, and 

potential loss of analytes were developed and validated.   

A low-cost high-throughput analytical method capable of analyzing PCDD/Fs and 

dl-PCBs in fish tissue was developed and published in Journal of Chromatography A.  

The developed ePLE technique significantly improved the conventional method of 

PCDD/Fs and dl-PCBs analysis.  For example, there is a remarkable reduction in the 

intrinsic costs associated with the sample preparation protocol: time (~95% reduction), 

solvents (~65% reduction), and potential loss of analytes.  The surrogates’ recoveries 

from ePLE were 72–103% as compared to that of 17–197% from USEPA 1613.  In 
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addition, the laboratory space and trainings required for the analysis could be potentially 

reduced utilizing ePLE.  ePLE also demonstrated that a layer of CarbopackTM/Celite® 

within the PLE cell is capable of separating PCBs from PCDD/Fs, thereby reducing 

potential molecular interferences.  This analytical method also provided an increased the 

overall laboratory capacity and preparedness associated with the analysis of PCDD/Fs 

and dl-PCBs in fish tissues.  The extracts from ePLE were sufficiently clean for routine 

HRMS analysis and QA/QCs objectives.  This ePLE technique also completely 

eliminated the need of GPC for the removal of high-molecular weight interferences 

required by conventional method for PCDD/Fs and dl-PCBs analysis.   

Enhanced PLE was utilized for the analysis of PCDD/Fs and dl-PCBs in catfish 

from San Jacinto River Waste Pits, a Superfund site, in Houston, TX.  PCBs were the 

most frequently detected class of compounds in catfish.  Eleven of the twenty-nine 

analytes were measured in fish fillet tissue.  Nine of twelve PCBs were measured at the 

100% frequency at 7.8 to 17 000 pg g-1 ww in catfish fillet.  The highest measured PCB 

concentrations were for PCB-105, 118, 123, and 156.  PCB-118 had the highest measured 

concentration of any target analytes in catfish.  TCDD was the only dioxin congener 

detected in catfish fillets at <MDL with concentrations ranging from 4.7 to 18.7 pg g-1 

ww. 

A high-throughput analytical method for simultaneous analysis of select PPCPs 

was developed and published in Journal of Chromatography A.  ePLE incorporating 

silica gel was found to be at much efficient as conventional post-extraction column-

packed silica cleanup technique for PPCPs.  The spiking recovery of select PPCPs such 

as carbamazepine, diazepam, octocrylene, benzophenone, and triclosan were improved 
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significantly as compared to that from conventional analytical method.  Select 

pharmaceuticals could be incorporated into the developed analytical method.  MDLs of 

select PPCPs were improved by optimization of CID potential to the hundredths place, 

utilization of ePLE, and scaling up an extracted tissue mass. 

Enhanced PLE was also utilized for the analysis of PCPs in GESB fish tissue 

samples collected from 13 river sites and a lake site, as part of a German PPCPs 

nationwide study and published in Environmental Science and Technology.  HHCB and 

AHTN, polycyclic musk, were measured at 100% and 67% frequency.  Building on a 

previously reported PCP study by Rüdel et al. (44), we reported decreasing temporal 

trend of HHCB and AHTN fish tissue concentrations from 1995 to 2008 (r2 = 0.69−0.89 

for galaxolide and 0.89−0.97 for tonalide with p < 0.003). HHCB and AHTN fish tissue 

concentrations in Germany were ∼19× and ∼28× lower, respectively, as compared to fish 

tissue concentrations measured in a United States nationwide PPCP study conducted in 

2006.  In German river systems, PSL and MAF at the sampling location were found to 

significantly predict HHCB and AHTN fish tissue concentrations (HHCB: r2 = 0.79, p = 

0.021 and AHTN: r2 = 0.81, p = 0.037). 

As discussed above, low-cost and high-throughput ePLE analytical method was 

capable of analyzing relatively polar organic pollutants such as select pharmaceuticals to 

non-polar organic pollutants such as PCBs in complex biological tissue.  However, 

according to available literature through SciFinder search engine, the PLE:ePLE 

applications are limited to ~23:1 from 2003 to 2012.  Therefore, ePLE can potentially be 

expanded to analyze wide ranges of environmental contaminants from diverse 

environmental matrices.  Through understanding of physicochemical interactions 
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between environmental matrix and adsorbents at high temperature and pressure would 

potentially increase sample throughput and extract cleanliness.  The commercially 

available PLE adsorbents were not designed for exhaustive PLE extraction conditions 

such as at high temperature and pressure.  Therefore, novel designing and 

characterization of ePLE adsorbents at high temperature and pressure would also provide 

an extensive research opportunity.  
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Table A.1.  Method detection limits for pharmaceuticals using 100 µL injections (ng g-1 wet weight). 

Analytes Lowest 
cal. pt. 

Highest 
cal. pt. 

BC1 BC2 BC3 BC4 BC5 BC6 BC7 BC8 Mean STD 
Dev 

RSD 
% 

MDL Spiking 
level 

Spiking 
level/MDL 

acetaminophen 0.20 400 3.95 4.37 4.12 4.92 3.94 4.58 4.06 4.22 4.27 0.34 8.0 1.02 4.32 4.2 

atenolol 0.10 200 1.87 1.65 1.61 1.90 1.74 1.49 1.92 1.73 1.74 0.15 8.9 0.46 2.10 4.6 

codeine 0.40 800 10.9 11.3 11.3 12.0 10.8 12.6 12.3 11.8 11.6 0.65 5.6 1.95 10.4 5.3 

caffeine 0.20 400 5.53 5.54 6.32 5.97 7.55 5.96 5.72 5.53 6.02 0.68 11.3 2.04 6.00 2.9 

sulfamethoxazole 0.10 200 4.03 3.93 4.36 3.90 3.89 4.45 3.99 4.39 4.12 0.24 5.9 0.72 4.04 5.6 

trimethoprim 1.00 200 4.14 4.79 4.25 4.96 3.98 4.67 4.75 4.81 4.54 0.36 8.0 1.09 4.90 4.5 

DPH 0.01 20.0 0.09 0.07 0.09 0.05 0.07 0.09 0.07 0.09 0.08 0.01 19 0.04 0.10 2.2 

propanolol 0.10 200 2.38 1.91 2.26 1.90 1.90 2.01 2.17 2.27 2.10 0.19 9.2 0.58 1.37 2.4 

diltiazem 0.01 20.0 0.09 0.07 0.10 0.08 0.09 0.12 0.08 0.09 0.09 0.01 15 0.04 0.11 2.8 

CBZ 0.10 200 0.65 0.67 0.65 0.55 0.58 0.59 0.73 0.72 0.64 0.06 10 0.19 0.77 4.0 

paroxetine 0.20 400 3.62 3.51 3.44 3.39 3.15 3.54 3.59 3.74 3.50 0.17 5.0 0.52 3.62 6.9 

norfluoxetine 0.20 400 4.19 3.30 3.65 3.87 3.70 4.01 3.70 3.54 3.74 0.28 7.4 0.83 4.14 5.0 

fluoxetine 0.40 800 6.76 6.60 6.53 6.69 7.23 6.91 6.65 6.38 6.72 0.26 3.9 0.78 7.46 9.6 

DMS 0.20 400 4.87 5.36 5.59 5.15 5.76 5.06 6.12 5.16 5.38 0.41 7.7 1.24 5.13 4.1 

STL 0.20 400 2.67 2.68 2.50 2.42 2.77 2.89 2.71 2.95 2.70 0.18 6.6 0.53 2.90 5.4 

diazepam 0.20 400 5.57 6.22 5.54 5.74 5.57 5.67 6.04 5.50 5.73 0.26 4.6 0.78 5.63 7.2 

gemfibrozil 0.40 800 8.50 9.50 8.89 8.41 8.38 8.10 9.06 8.80 8.70 0.45 5.1 1.34 10.5 7.8 

BC = bream composite; STD Dev = standard deviation; MDL = method detection limit; MDL = STD Dev × 2.998 (student t-value at α = 0.01 and df = 
7); RSD = relative standard deviation; DPH = diphenhydramine; CBZ = carbamazepine; DMS = desmethylsertraline; STL = sertraline; cal. pt. = 
calibration point. 
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Table A.2.  Method detection limits for PCPs (ng g-1 wet weight). 

 
Analytes 
 

Lowest 
cal. pt. 
(ng g-1) 

Highest 
cal. pt. 
(ng g-1) 

Spiking 
level 
(ng g-1) 

 
BC1 

 
BC2 

 
BC3 

 
BC4 

 
BC5 

 
BC6 

 
BC7 

 
Mean 

 
STD 
Dev 

 
RSD
% 

 
MDL 
(ng g-1) 

Spiking 
level/ 
MDL 

m-toluamide 10.0 2000 20.0 19.0 20.3 22.6 23.0 21.4 20.5 21.6 21.2 1.37 6.5 4.3 4.6 

benzophenone 19.2 3840 38.4 22.7 44.7 45.6 41.2 49.0 40.8 21.8 38.0 11.1 29 34.9 1.1 

celestolide 5.60 1080 11.2 5.04 6.88 6.08 5.76 4.40 3.84 7.28 5.61 1.26 23 4.0 2.8 

p-octylphenol 6.00 1200 12.0 20.6 18.2 17.7 19.3 18.0 18.7 19.0 18.8 1.00 5.3 3.1 3.8 

HHCB 4.00 803 8.00 4.80 5.84 5.92 6.24 6.16 6.16 6.24 5.91 0.51 8.7 1.6 5.0 

AHTN 7.20 1440 14.4 9.04 9.92 11.2 9.52 9.68 9.04 11.4 9.97 0.95 9.6 3.0 4.8 

musk xylene 110 22000 220 169 198 180 182 161 171 186 178 12.1 6.8 37.9 5.8 

p-nonylphenol 4.00 800 8.00 5.12 5.04 5.20 4.80 4.40 4.24 4.48 4.75 0.38 8.1 1.2 6.6 

4-MBC 40.0 8000 80.0 23.4 16.9 18.8 17.4 15.0 18.9 10.5 17.3 3.94 23 12.4 6.5 

musk ketone 180 36000 360.0 243 228 264 253 248 242 240 245 11.2 4.6 35.2 10 

triclosan 4.80 960 9.60 7.44 9.04 10.4 9.76 8.48 7.52 8.88 8.79 1.09 12 3.4 2.8 

octocrylenea 10.0 2000 20.0 11.1 10.6 11.7 11.5 10.6 10.6 10.7 11.0 0.48 4.4 1.5 13 

BC = Bream composite (% lipid 2.76); STD Dev = standard deviation; MDL = method detection limit; MDL = STD Dev × 3.143 (student t-value at α = 
0.01 and df = 6); aspiking level > 10 × MDL; RSD = relative standard deviation; HHCB = galaxolide; AHTN = tonalide; 4-MBC = 4-methylbenxylidine 
camphor; cal. pt. = calibration point. 

 

 

 



 

90 
  

Table A.3.  Quality assurance and quality control summary for 100 µL injections for analysis of pharmaceuticals-batch I. 

 Calibration range 
(ng g-1) 

Method 
blank CCV (ng mL-1) Duplicate matrix spike (ng g-1 wet weight) 

Analytes Lowest  Highest I II Spiking 
level

CCV 
initial

RPD
%

CCV
final

RPD 
% Spiking MS MSD Mean RPD

%
Recovery
%

acetaminophen 0.20 400 ND ND 100 94.7 5.0 93.7 6.0 100 96.0 101 98.4 4.7 98 

atenolol 0.10 200 ND ND 50.0 44.2 12 42.0 16 50.0 44.9 43.4 44.1 3.2 88 

codeine 0.40 800 ND ND 200 175 12 174 13 200 175 172 174 1.9 87 

caffeine 0.20 400 ND ND 100 85.7 14 89.7 10 100 81.4 89.5 85.5 9.5 85 

sulfamethoxazole 0.10 200 ND ND 50.0 45.0 10 44.5 11 50.0 43.1 43.4 43.2 0.6 86 

trimethoprim 1.00 200 ND ND 50.0 44.2 11 43.6 13 50.0 48.6 45.8 47.2 5.9 94 

DPH 0.01 20 ND ND 5.00 4.16 17 4.13 17 5.00 4.55 4.57 4.56 0.4 91 

propanolol 0.10 200 ND ND 50.0 41.9 16 41.9 16 50.0 43.0 41.6 42.3 3.1 85 

diltiazem 0.01 20 ND ND 5.00 4.34 13 4.38 12 5.00 4.62 4.41 4.51 4.7 90 

CBZ 0.10 200 ND ND 50.0 44.0 12 43.7 13 50.0 44.1 44.3 44.2 0.5 88 

paroxetine 0.20 400 ND ND 100 89.2 11 89.8 10 100 95.5 93.3 94.4 2.3 94 

norfluoxetine 0.20 400 ND ND 100 86.4 14 84.4 16 100 84.7 83.2 83.9 1.7 84 

fluoxetine 0.40 800 ND ND 200 175 13 176 12 200 179 180 180 0.3 90 

DMS 0.20 400 ND ND 100 85.3 15 83.0 17 100 85.3 84.2 84.7 1.4 85 

STL 0.20 400 ND ND 100 85.7 14 85.3 15 100 86.7 87.2 87.0 0.6 87 

diazepam 0.20 400 ND ND 100 91.2 9.0 92.5 8.0 100 85.5 89.5 87.5 4.6 88 

gemfibrozil 0.40 800 ND ND 200 191 5.0 190 5.0 200 185 180 183 3.0 91 

ND = non-detected; RPD = relative percentage deviation; DPH = diphenhydramine; CBZ = carbamazepine; DMS = desmethylsertraline; STL = 
sertraline; cal pt. = calibration point; CCV = continuous calibration verification; MS = matrix spiked; MSD = matrix spiked duplicate; cal. pt. = 
calibration point. 
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Table A.4.  Quality assurance and quality control summary for 100 µL injections for analysis of pharmaceuticals-batch II. 

Analytes 
Method blank CCV (ng mL-1) Duplicate matrix spike (ng g-1 wet weight) 
I II Spiking 

level
CCV 
initial RPD% CCV 

final RPD% Spiking 
level MS MSD Mean RPD% Recovery% 

acetaminophen ND ND 100 94.3 6.0 91.9 8.0  100  86.6 87.6  87.1  1.1  87  

atenolol ND ND 50.0 41.8 16 41.5 17  50.0  41.2 40.7  40.9  1.2  82  

codeine ND ND 200 168 16 166 17  200  160 160  160  0.2  80  

caffeine ND ND 100 81.0 19 81.6 19  100 75.7 83.6  79.6  9.9  80  

sulfamethoxazole ND ND 50.0  40.0 20 41.2 18  50.0  41.0 41.6  41.3  1.6  83  

trimethoprim ND ND 50.0 40.2 20  40.5 19  50.0  40.1 45.1  42.6  12  85  

DPH ND ND 5.00  4.02 20  4.03 19  5.00  4.00 4.06  4.03  1.5  81  

propanolol ND ND 50.0  40.4 19 40.6 19  50.0  40.1 39.9  40.0  0.6  80  

diltiazem ND ND 5.00  4.86 3.0  4.70 6.0 5.00  4.58 4.80  4.69  4.7  94  

CBZ ND ND 50.0  41.8 16  42.2 16  50.0  40.4 40.0  40.2  1.0  80  

paroxetine ND ND 100 93.6 6.0  90.4 10  100  88.5 88.7  88.6  0.3  89  

norfluoxetine ND ND 100  90.2 10  87.2 13  100  80.0 84.0  82.0  4.9  82  

fluoxetine ND ND 200  187 6.0  189 6.0  200  175 179  177  2.5  89  

DMS ND ND 100  83.3 17  84.0 16  100  86.3 82.1  84.2  5.0  84  

STL ND ND 100  85.7 14  83.2 17  100  87.0 85.4  86.2  1.8  86  

diazepam ND ND 100  81.0 19  92.0 8.0  100  88.5 89.9  89.2  1.6  89  

gemfibrozil ND ND 200  181 10  182 9.0  200  171 180  175  5.1  88  

ND = non-detected; RPD = relative percentage deviation; DPH = diphenhydramine; CBZ = carbamazepine; DMS = desmethylsertraline; STL = 
sertraline; cal pt. = calibration point; CCV = continuous calibration verification; MS = matrix spiked; MSD = matrix spiked duplicate. 
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Table A.5.  Quality control and quality assurance summary for PCPs-batch I. 

  
Analytes 

Method 
blank data 

 
CCV (ng µL-1)  Duplicate matrix spike† (ng g-1 wet weight) 

I  
(ng g-

1) 

II 
(ng 
g-1) 

 Spiking 
Level 

CCV  
initial 
 

RPD 
% 

CCV  
final 
 

RPD 
% 

 Spiking 
level 

MS 
 

MSD 
 

Average 
 

RPD 
% 

Recovery% 

m-toluamide ND ND  1.56 1.60 2.3 1.68 7.6  125 100 112 106 11 85 

benzophenone ND ND  3.00 2.91 3.0 2.90 3.4  240 166 197 182 17 76 

celestolide ND ND  0.84 0.99 17 1.02 21  67.2 35.8 40.4 38.1 12 57 

p-octylphenol ND ND  0.94 0.81 14 0.81 14  75.2 53.6 55.3 54.4 3.1 72 

HHCB ND ND  0.63 0.54 14 0.56 12  50.4 32.9 40.5 36.7 21 73 

AHTN ND ND  1.13 1.09 3.3 1.14 1.1  90.4 49.0 61.3 55.2 22 61 

musk xylene ND ND  17.2 12.9 25 13.4 22  1375 937 1160 1048 21 76 

p-nonylphenol ND ND  0.62 0.56 9.8 0.55 11  49.6 33.2 36.5 34.8 9.4 70 

4-MBC ND ND  6.25 6.40 2.4 6.16 1.4  500 305 373 339 20 68 

musk ketone ND ND  28.1 20.8 26 24.6 13  2250 1287 1284 1286 0.2 57 

triclosan ND ND  0.75 0.57 24 0.56 26  60.0 39.9 39.4 39.6 1.4 66 

octocrylene ND ND  1.56 1.09 30 1.25 20  125 71.4 70.2 70.8 1.6 57 

ND = not detected; RPD = relative percentage deviation; †fish fillet composite; “Bimmen/Rhine” was taken for matrix spiking recovery study; HHCB = 
galaxolide; AHTN = tonalide; 4-MBC = 4-methylbenxylidine camphor; CCV = continuous calibration verification; MS = matrix spiked; MSD = matrix 
spiked duplicate. 
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Table A.6.  Quality control and quality assurance summary for PCPs-batch II. 

 
Analytes 

Method blank  CCV (ng µL-1)  Duplicate matrix spike† (ng g-1 wet weight) 

I 
(ng g-

1) 

II 
(ng 
g-1) 

 spikin
g level 

CCV  
initial 
 

RPD 
% 

CCV 
final 
 

RPD 
% 

 Spiking 
level 

MS 
 

MSD 
 

Average 
 

RPD 
% 

Recovery% 

m-toluamide ND ND  1.56 1.45 7.2 1.62 3.5  125 95.0 100 97.6 5.3 78 

benzophenone ND ND  3.00 2.79 7.1 2.98 0.6  240 160 167 163 4.6 68 

celestolide ND ND  0.84 0.87 3.5 0.94 12  67.2 62.2 63.8 63.0 2.4 94 

p-octylphenol ND ND  0.94 0.69 27 0.67 28  75.2 51.6 54.6 53.1 5.6 71 

HHCB ND ND  0.63 0.55 13 0.56 12  50.4 26.2 29.3 27.7 11 55 

AHTN ND ND  1.13 1.34 19 1.36 20  90.4 74.4 80.4 77.4 7.8 86 

musk xylene ND ND  17.2 20.9 22 17.4 1.1  1375 1083 1067 1075 1.5 78 

p-nonylphenol ND ND  0.62 0.49 21 0.48 23  49.6 34.6 37.1 35.9 6.9 72 

4-MBC ND ND  6.25 7.16 15 6.37 1.9  500 124 190 157 42 31 

musk ketone ND ND  28.1 32.7 16 31.5 12  2250 1140 1354 1247 17 55 

triclosan ND ND  0.75 0.58 23 0.51 32  60.0 29.8 31.4 30.6 5.2 51 

octocrylene ND ND  1.56 1.64 4.9 0.90 42  125 43.4 42.0 42.7 3.4 34 

ND = not detected; RPD = relative percentage deviation; †fish fillet composite; “Lake Belau” was taken for matrix spiking recovery study; HHCB = 
galaxolide; AHTN = tonalide; 4-MBC = 4-methylbenxylidine camphor; CCV = continuous calibration verification; MS = matrix spiked; MSD = matrix 
spiked duplicate. 
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Table A.7.  WWTPs nearby the GESB sampling locations.  

River Sampling 
locations 

MAF 
(m3 s-1) 

WWTPs PSL CIE Start up WWTPs 
capacity 
(m3 d-1) 

Additional information 

Saar 

Gudingen 60 
Brebach 0.0 135 000 Mar, 2001 up to 41 000  

Saargemünd 10.8 61 500 1976, 2005 - built in 1976, re-newed in 2005 

Rehlingen 80 

Saarlouis 6.2 93 000 Nov, 1989 up to 48 000 
no information available, small WWTP with 
capacity <10 000 

Ensdorf 13.7 58 000 1995 up to 58 000  

Völklingen 19.7 80 000 1994 up to 40 000  

Burbach 28.5 200 000 1989 up to 60 000  

Rhine 

Weil 500 

Basel 4.4 1 200 000 Sep, 1983 up to 120 000 500-1 500 m3 s-1 effluent in the River Rhine 

Chemie Basel 4.4 * Dec, 1982 up to 9 500 10 600 m3 s-1 effluent in the River Rhine 

Steith 4.6 ** - up to 4 200 4 320  m3 d-1 effluent in the River Rhine 

Iffezheim - 

Rheinmünster 8.5 6 400 1978 -  

Lichtenau 15.5 - - - no information available, small WWTP 

Straßbourg 34.1 1 000 000 1988 up to 240 000  

Kehl 35.4 48 000 1981 about 8 000 10 411 m3 d-1 effluent in the River Rhine 

Offenburg 50.7 200 000 - about 28 000 
discharge into the River Kinzig 
distance to the River Kinzig is 14.3 km 
distance to the River Rhine is 36.4 km 

Bimmen 2000 

Salmorth 6.9 40 833 1975 up to 76 800 5 524 487 m3 y-1 effluent in the River Rhine 

Emmerich 14.0 126 736 1982 up to 67 200 5 331 880 m3 y-1 effluent in the River Rhine 

Kalkar-Hönnepel 23.2 38 401 1980 up to 27 744 
2 661 626 m3 y-1 effluent in the River Rhine 
(2009) 

Xanten-Vynen 33.8 606 1972 up to 2 400 248 423 m3 y-1 effluent in the River Rhine 

Xanten-Lüttingen 41.1 5 753 1982 up to 17 280 1 336 890 m3 y-1 effluent in the River Rhine  

   Wesel 50.1 19 900 1980 up to 60 000 6 200 780 m3 y-1 effluent in the River Rhine 

Danube Ulm 100 Erbach 6.1 class 4 - - no additional information available 
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Table A.7.  WWTPs nearby the GESB sampling locations (continued). 

River Sampling 
locations 

MAF 
(m3 s-1) 

WWTPs PSL CIE Start up WWTPs 
capacity 
(m3 d-1) 

Additional information 

Danube Ulm 100 Erbach 6.1 class 4 - - no additional information available 

 

  

Ehingen 22.3 class 4 - -  

Rottenacker 26.8 class 4 - -  

see additional information   8 further plants (class 4) on the next 175 km 

Danubeschingen 181 148 000  up to 86 400  

Kelheim 400 

Saal 6.9 class 4 - -  

Staubing 18.6 class 2 - -  

Neustadt 29.4 class 4 - -  

see additional information 3 further WWTPs of class 3 

  

Ingolstadt 50.3 275 000 1972 up to 156 000 22 570 000 m3 y-1 

Jochenstein 1000 

Obernzell 0.0 class 3 - - no further WWTPs were added in this list 
because of many tributaries upstream 
Achleiten. There are several WWTPs (classes 
1, 2, and 3) at each river. 

Thyrnau 5.6 class 3 - - 

Achleiten 8.0 class 4 - - 

Elbe 

Prossen 
no data available, the sampling site is located at the Czech border; 23.5 km downstream the city of Decin (50 000 inhabitants), 48 km 
downstream the city of Usti and Labem (100 000 inhabitants) 

Barby - 

Aken 15.6 27 000 1995 about 8 100  

Calbe 17.7 - - - 
no information available, discharge in the 
River Saale (17.0 km), 10 100 inhabitants 

Dessau 28.3 - - about 18 000 
3 300 000 m3 y-1 effluent in the River Elbe 
(2008), 87 700 inhabitants 

Bernburg 34.2 - - - 
no information available, discharge in the 
River Saale (33.5 km), 35 900 inhabitants 

Coswig 50.4 20 000 1995 -  

     

Wittenberg 68.9 - 1995 - no information available, 50 000 inhabitants 
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Table A.7.  WWTPs nearby the GESB sampling locations (continued). 

River Sampling 
locations 

MAF 
(m3 s-1) 

WWTPs PSL CIE Start up WWTPs 
capacity 
(m3 d-1) 

Additional information 

 Blankenese 800 

Köhlbrandhöft/ 
Dradenau 

4.0 2 900 000 1910 
up to 
1 641 600 

450 000 m3 d-1 effluent in the River Elbe 
(2010) 

Geesthacht 
Düneberg 

42.6 60 000 1970 up to 5 800  

Saale Wettin 115 Halle-Nord 15.0 300 000 Sep, 1998 about 75 000  

   Leipzig-Rosental 63.7 628 000 - - 
no further information available, discharge in 
the Elster-Saale-channel 

Mulde Dessau 64 Bitterfeld-Wolfen 37.2 422 000 1994 - also WWTP for industrial wastewater 
WWTP: waste water treatment plant, MAF: mean annual flow, PSL: proximity to the sampling locations, CIE: capacity inhabitant equivalent 
*WWTP of chemical industry: F. Hoffmann-LaRoche AG , Novartis Pharma AG, Ciba Chemie AG and Syngenta AG, right-hand side of the Rhine 
**WWTP of chemical industry: Clariant, Ciba AG (Huningue) and Novartis Pharma AG (St. Johann), left-hand side of the River Rhine 
Class 1: <1 000, class 2 = 1 000 - 5 000, class 3: 5 000 – 10 000, class 4: 10 000 – 100 000, class 5: >100 000 
Note: Authors acknowledge the fact these WWTPs and the relevant information are not the exhaustive ones; however, represent the maximum 
information that could be acquired. 
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Table A.8.  PPCPs measured in fish fillet composites from GESB sites. 

River  
GESB 
sampling 
locations 

Fish Tissue concentration 
% lipida 
(n=4–6) 

Pharmaceuticals (ng g-1 ww) 
Personal care products (ng g-1 

lw) 
DPH DMS CBZ diltiazem atenolol HHCB ATHN triclosan  

Rhine 

Weil 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1110 
960 

120 
127 

<MDL 
<MDL 

6.98 

Iffezheim 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1870 
1610 

182 
129 

<MDL 
<MDL 

7.51 

Bimmen 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1410 
1330 

68.0 
91.0 

<MDL 
<MDL 

6.09 

Saar 
Gudingen 

0.04 
<MDL 

<MDL 
1.65 

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

10,100 
9250 

246 
330 

<MDL 
<MDL 

3.90 

Rehlingen 
0.07 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

12,000 
10,200 

316 
448 

<MDL 
<MDL 

4.02 

Danube 

Ulm 
<MDL 
<MDL 

1.83 
4.72 

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1270 
1210 

199 
121 

<MDL 
<MDL 

6.66 

Kelheim 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1030 
663 

98.0 
<MDL 

<MDL 
<MDL 

5.21 

Jochenstein 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

948 
662 

127 
68.0 

<MDL 
<MDL 

6.86 

Elbe 

Prossen 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

1500 
1250 

<MDL 
<MDL 

<MDL 
<MDL 

1.79 

Barby 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

285 
251 

<MDL 
<MDL 

<MDL 
<MDL 

2.39 

Blankenese 
<MDL 
<MDL 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

367 
438 

<MDL 
<MDL 

<MDL 
<MDL 

4.64 

Mulde Dessau 0.06 
0.05 

<MDL 
<MDL

<MDL 
<MDL

<MDL 
<MDL 

<MDL 
<MDL 

636 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

2.68 
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Table A.8.  PPCPs measured in fish fillet composites from GESB sites (continued). 

River  
GESB 
sampling 
locations 

Fish Tissue concentration 

% lipida 
(n=4–6) 

Pharmaceuticals (ng g-1 ww) 
Personal care products (ng g-1 

lw) 
DPH DMS CBZ diltiazem atenolol HHCB ATHN triclosan  

Saale Wettin 
<MDL 
0.05 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

1290 
1430 

112 
128 

<MDL 
<MDL 

4.50 

Lake 
Belau 

Lake Belau 
<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

<MDL 
<MDL 

1.91 

<MDL = below method detection limits; DPH = diphenhydramine; DMS = desmethylsertraline; CBZ = carbamazepine; 
HHCB = galaxolide; AHTN = tonalide; amean data from the German Federal Environmental Agency. 
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