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Abstract 
This study represents, detailly, the validated method for the extraction and 
quantification of widespread phthalic acid esters (PAEs) bis(2-ethylhexyl) 
phthalate (DEHP), di-n-butyl phthalate (DBP) and di-n-octyl phthalate 
(DnOP) from solitary ascidians collected from a marine environment. The 
extraction was based on a pressurized liquid extraction method, using 
n-hexane as the solvent to extract the target PAEs from dry biological tis-
sues, and was performed in an accelerated solvent extraction instrument. 
The average recovery of 89.2% was obtained from samples subjected to a 
pressure of ~1500 psi and 120˚C in two 10-min cycles. GC-MS was used for 
quantification, conducted in single-ion monitoring mode. Following careful 
and rigorous cleanup procedures to prevent cross-contamination from la-
boratory glassware, PAE standards showed signals with good specificity. 
The obtained limits of detection were 130, 122 and 89 ng/g for DEHP, DBP 
and DnOP, respectively. Accordingly, the calculated limits of quantification 
were 394, 370 and 270 ng/g for DEHP, DBP and DnOP, respectively. The 
obtained linearity ranged from 5.4 to 269 ng/ml (equivalent to 135 - 6725 
ng/g dry weight), with R2 ≥ 0.998. Concentrations in the range of 200 to 
9000 and 400 to 5000 ng/g sample dry weight, for DEHP and DBP, respec-
tively, were obtained from the ascidians. No DnOP was detected in any of 
the samples. These results indicate that the method presented in this study 
is applicable for detection of low and trace concentrations of the target 
PAEs in samples collected from a marine organism, which can serve as a 
bioindicator of plastic contamination. 
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1. Introduction 

Phthalic acid esters (PAEs) are the main group of plasticizers used to increase 
flexibility, pliability, and elasticity of plastics. Among the most common PAEs are 
di-n-butyl phthalate (DBP), dimethyl and diethyl phthalates, bis(2-ethylhexyl) 
phthalate (DEHP) and di-n-octyl phthalate (DnOP). PAEs have been widely 
used as industrial chemicals for more than 40 years and are also very common in 
cosmetics, personal care products, and many other products that are used on a 
daily basis [1] [2]. 

Today, PAEs are detected in most environments, including various water bo-
dies, air, soil [3] [4], natural vegetation, agricultural products and food [2], as 
well as in human and animal tissues, plasma, urine, breast milk and more [5] [6]. 
As PAEs are additives and not chemically bound to other materials, they can 
simply leach and migrate into the environment [1]. In the marine environment, 
the extent of plastic pollution is estimated at millions of metric tons per year [7]. 
Therefore, it is crucial to understand the significant effect of pollution by plastics 
and their additives on the marine environment [3]. 

Various studies have demonstrated a toxicological effect of PAEs on human 
and other organisms in the natural environment [2] [8] [9]. Of particular con-
cern is the primary effect associated with PAEs, i.e., altered functioning in the 
endocrine systems of different biota, both female and male. PAEs act as endo-
crine-disrupting chemicals, even at very low concentrations [2] [10] [11]. Benzyl 
butyl phthalate, DBP and DEHP have been shown to have a proliferative effect 
on normal breast cells [10]. Radke et al. [11] demonstrated a negative impact of 
DEHP and DBP on human male reproductive function. That study indicated a 
dramatic decrease in semen quality associated with increasing exposure to DBP. 
Consequently, PAEs have been proven to have a variety of adverse effects on 
living organisms and the human body, emphasizing the importance of monitor-
ing these chemicals in the environment. 

The detection of PAEs in environmental samples is challenging. On the one 
hand, they are ubiquitous environmental contaminants, making contamination 
during sampling and handling common, but on the other, in many cases, they 
are only present in trace concentrations [12] [13]. Furthermore, because PAEs 
are so common in the environment, it is important to be able to detect these 
molecules in various types of environmental samples, such as water, soil, sludge, 
and biological matrices. 

To cope with these challenges, this study detailly presents the development 
and validation of an analytical method for the DEHP, DBP and DnOP quantifi-
cation, which further was demonstrated and implemented by the authors for an 
examination of solitary ascidians sampled at different sites along the Israeli coas-
tline [3]. As sessile filter feeders, ascidians have the potential to act as excellent 
bioaccumulators and bioindicators for PAEs in the marine environment. More-
over, being an invasive species, their wide distribution worldwide may offer the 
unique possibility of applying the same method to study the same organism in 
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different locations [3]. 

2. Materials and Methods 
2.1. Chemicals and Standards 

The three targeted PAEs, DEHP, DBP and DnOP were purchased from Sig-
ma-Aldrich and their chemical structures are shown in Figure 1. HPLC-grade 
acetone, pesti-grade n-hexan (C6H14) and dichloromethane were purchased from 
Bio-Lab (Israel). The internal standard (IS) bis-(3,3,5-trimethylcyclohexyl) 
phthalate (TMCHP) was from Sigma-Aldrich. Phthalic acid and bis-2-ethylhexyl 
ester-3,4,5,6-d4 isotope-labeled DEHP (DEHP-d4) were purchased from Analyt-
ical Standard Solutions. Diatomaceous earth was from Thermo Fisher Scientific. 

PAE stock solutions were prepared with n-hexane to a final concentration of 
~22.4 µg/mL. TMCHP was selected as the IS since it is not a common PAE; it is 
rarely used in the industry and is unlikely to be found in environmental samples 
or to interfere with the studied samples. TMCHP was prepared with n-hexane to 
a final concentration of ~5.2 µg/mL. A surrogate solution of DEHP-d4, used for 
spiking to test method accuracy, was prepared with n-hexane to a final concen-
tration of ~6.0 µg/mL. 

 

 
Figure 1. Properties of the targeted compounds and the internal standard. 
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2.2. Instrumentation 

An accelerated solvent extraction  (ASE) instrument (Thermo Fisher Scientific, 
model 350) was used for the extraction of PAEs from biological samples con-
sisting of dried ascidian tissues. It was equipped with 10-mL stainless-steel ASE 
cells and suitable glass-fiber filters. A gas chromatograph (Agilent, model 6890) 
equipped with a Restek Rxi-1MS column (15 m × 0.25 mm × 0.25 mm) and 
mass spectrometer (Agilent, model 5973) was used for the PAE analyses. 

2.3. Sample Preparation 
2.3.1. Sample Collection 
Two common species of solitary ascidians, Herdmania momus and Microcos-
mus exasperatus, were periodically collected and used as the bioindicators in this 
study. Mature individuals were detached from substrates at a depth of 2 to 20 m 
below sea level, at different sites along the Israeli Mediterranean and Red Sea 
coasts. The inner body was immediately separated from the outer tunic, and the 
tissues were wrapped in aluminum foil and frozen at −20˚C. The samples were 
freeze-dried and ground to a fine powder, and their dry weight recorded. As this 
procedure was part of the sample preparation before the extraction stage, plastic 
instruments were completely avoided to prevent PAE cross-contamination. 

2.3.2. Extraction Method 
The extraction method was based on a pressurized liquid extraction method that 
was developed and optimized using ASE. Sequences of extraction cycles were 
subjected to a combination of pressure (constant on ~1500, ASE default), tem-
perature (up to 140), static time (residence time in the sample cell), solvent type, 
rinse volume (60% of cell volume) and purge time (60 seconds of nitrogen flow 
through the cell). In this procedure, a 10-mL stainless-steel extraction cell filled 
with a mixture of sample and inert filler (diatomaceous earth) was subjected to 
high temperature in a high-pressure solvent system for several minutes. To avoid 
PAE cross-contamination, a glass-fiber filter (Thermo Fisher Scientific) was 
placed at the bottom of the extraction cell. The studied PAEs (DBP, DEHP, 
DnOP) are considered to be hydrophobic compounds, which are not wa-
ter-soluble, and a lipophilic solvent was required for efficient extraction. PAEs 
are easily soluble in n-hexane and it is GC-MS compatible, and it was therefore 
selected as the extraction solvent. Only high-grade n-hexane was used, to avoid 
PAE cross-contamination. Following the extraction procedure, extracts were 
poured into 25-mL volumetric flasks, mixed with 1 mL of TMCHP (IS) stock 
solution, and n-hexane was added to a final volume of 25 mL. The extraction 
method was also applied to inert filler (blank) samples, to confirm the absence of 
PAE cross-contamination. 

2.4. Chromatographic Method 

The developed chromatographic method was based on GC-MS. Quantitative 
analysis was conducted in single-ion monitoring mode after recording full-scan 
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spectra from m/z 50 to m/z 500 for qualitative analysis. The target ion was m/z 
149 for the PAE standards, and 153 for DEHP-d4. The qualifier peaks included 
m/z 205, 223, 167, 279, 109, 283 and 171 (Table 1). The following parameters 
were examined for method optimization: injection volume (1 µL, 2 µL, 3 µL), 
pulse time (no pulse, 15 sec, 30 sec, 45 sec, 60 sec) and MS dwell time (100 ms, 
80 ms, 60 ms, 40 ms) to achieve maximum sensitivity and injection repeatability. 
Optimal parameters were: injection volume 2 µL, pulse splitless inlet mode set to 
20 psi for 30 s, and MS dwell time set to 40 ms. Column flow was set to a con-
stant 1.9 mL/min, the injector temperature was set to 250˚C, and the transfer 
line to 300˚C. The GC oven was programmed as follows: 70˚C held for 1 min, 
then raised to 320˚C at a rate of 15˚C/min, and held for 9 min. 

2.5. PAE Calculation 

A 12-point calibration curve ranging from 3.2 to 269 ng/mL was obtained. The 
target PAEs were quantified by normalizing their peak area (S) to the corres-
ponding IS peak area. PAE concentration (ng/g) in the dried samples (PAEconc) 
was calculated as: 

( ) ( )concPAE 25 NP b a dw= × − ×                   (1) 

where NP is the normalized peak area (S/IS), a and b are derived from the linear 
equation y = ax + b, and dw is the sample dry weight. The dilution factor was 25. 

2.6. Method Validation 

The method was validated by examining the following parameters: specificity, 
linearity, limit of detection (LOD), limit of quantification (LOQ), accuracy, re-
peatability, and stability. Specificity was demonstrated by running blank sam-
ples, which indicated negligible interference below the specified LOD. Ion ab-
undance (relative to the maximum ion intensity) was tested for all qualifiers in 
the analyzed samples and confirmed according to the criteria of ±20% for >50% 
ion abundance, ±25% for >20% - 50%, ±30% for >10% - 20% and ±25% for 
≤10% [14] [15]. Linearity was tested by calculating the linear regression and the 
correlation coefficient (R2) for each PAE. Each set of analyses was accompanied 
by a calibration curve. For the method proposed in this study, LOD was set to an 
analyte peak signal-to-noise ratio (S/N) of >3 and the LOQ was set to S/N > 9, 
where N represents the interference value. LOD and LOQ were also expressed by  

 
Table 1. Chromatographic parameters for the selected compounds. 

Compound m/z (for quantitation) m/z (qualifier) RT (min) 

DBP 149.1 205.1, 223.1 8.701 

DEHP 149.1 167.1, 279.1 12.060 

DnOP 149.1 279.1 12.942 

TMCHP 149.1 109.0 12.602 

DEHP-d4 153.1 171.0, 283.2 12.054 
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equations (2.1) and (2.2), respectively: 

b aLOD 3.3 SD Avg 25= × ×                   (2.1) 

b aLOQ 10 SD Avg 25= × ×                   (2.2) 

where SDb is the standard deviation of the y-intercepts and Avga is the slope av-
erage derived from the linearity curves [16]. The dilution factor was 25. 

Accuracy was evaluated by the calculated recovery of the isotopic DEHP-d4 
(surrogate), which was added to each sample as a spike and underwent the same 
process (ASE conditions, dilution) as the sample. The recovery calculation based 
on value obtained from spiked sample versus matched surrogate concentration. 
Repeatability was evaluated by the relative standard deviation (RSD) of six rep-
licates taken from one homogenized pooled sample. On machine stability was 
tested by leaving samples in GC vials in the autosampler for 22 h. Storage stabil-
ity was tested by placing sample solutions in volumetric flasks at 4˚C for 72 h. 
The relative difference (RD) was calculated as: 

( ) ( )time o time of storage time o time of storageRD 2 100C C C C= =
 = − + ×        (3) 

3. Results and Discussion 

An efficient extraction procedure for PAEs is required for their analysis in bio-
logical samples, such as marine organism tissues and organs. The use of an or-
ganic solvent is a must, and extraction has been traditionally performed using 
the Soxhlet method, although it is time- and solvent-consuming, labor-intensive 
and may create background PAE residues [17]. Other common extraction me-
thods for PAEs are ultrasonic bath [18], vortex [19], shaker [20] and ion pairing 
[21]. 

This study adopted a different method, the ASE instrument, as the main tech-
nique to extract PAEs from biological organisms. The ASE technique has be-
come popular for extraction from solid and biological samples due to its high 
extraction efficiency, full automation, high repeatability and lower solvent use 
[17]. Use of ASE has been successfully demonstrated for the extraction of polya-
romatic hydrocarbons and polychlorinated biphenyls from mussel tissue [22], 
for endocrine-disrupting chemical (bisphenol A, 4-nonylphenol) extraction 
from liver and muscles of the Greenland shark [23], and for detection of phar-
maceutical residues in fish tissue [24]. 

To the best of our knowledge, the use of ASE technique for the extraction of 
PAEs trace concentrations from marine biological matrix had never been pub-
lished. 

3.1. Optimization of Sample Extraction 

The efficiency of the extraction procedure was assessed by the recovery values 
obtained with the ASE instrument. A comparison of four methods using differ-
ent ASE parameters was applied by spiking a mixture of standards (DBP, DEHP, 
DnOP at 500 µg) into extraction cells filled only with diatomaceous earth filler 
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(Table 2). In parallel, non-spiked blank cells (filler only) were extracted by the 
same methods. A high PAE signal was found in the non-spiked samples, indi-
cating contamination in the laboratory. 

PAE ubiquity poses a severe challenge for process development, due to poten-
tial sample contamination during collection, preparation and measurement. Al-
though precautions were taken for the strategies and work procedures, including 
the elimination of plastic labware throughout the procedures and the use of 
high-grade solvent, contamination of blanks and samples still occurred. 

Extraction and analysis of 10 procedural non-spiked blank samples (con-
ducted with diatomaceous earth filler) showed high and inconsistent results for 
DBP and DEHP, ranging from 41 to 170 and 38 to 582 ng/g, respectively (Figure 
2(a)). Those values make up a significant amount of the environmental samples, 
and therefore contamination had to be reduced to improve method reliability. 
However, since no DnOP contamination was found in the non-spiked blank 
samples and method C demonstrated 97% recovery for DnOP (up to 20% more 
than other methods), it (method C) was selected for further method development. 

A comprehensive study was performed during method development to reveal 
the sources of contamination. It was found that disposable and reusable glass-
ware and the ASE cell components contribute small quantities of contaminating 
PAEs. Moreover, the filler (diatomaceous earth) was determined to be the do-
minant source of PAE contamination (Figure 2(a)). 

Consequently, two cleaning procedures were added to the adopted method: 
more effective cleaning of the glassware used to handle the samples, extracts, 
storage and preparation, and an addional prewash for the ASE extraction cells. 
The washing procedure for the relevant glassware included rinsing with dichlo-
romethane, followed by acetone, then heating overnight at 200˚C prior to a sup-
plemental rinse with n-hexane before use. To reduce the major contamination 
derived from the filler, it was prewashed by ASE before use. Adopting and con-
tinuously performing these cleaning stages significantly decreased the contami-
nating PAEs, as seen from the DBP and DEHP peak signals (Figure 2(b)). 

Because the PAEs contamination could not be completely eliminated, real asci-
dians samples were prepared with different sample weights (0.5 and 1.0 g), spiked 
with 5.9 ng of the DEHP-d4 surrogate and compared to evaluate the amount of 
PAE contamination relative to the results with the ascidian real samples (Figure 
2). The obtained recoveries of the surrogate, using method C, were 95% and 74% 
for samples weighted 0.5 g and 1.0 g, respectively. 

 
Table 2. Assessment of optimal ASE parameters based on recovery of PAE standards in 
diatomaceous earth filler. 

 Method A Method B Method C Method D 

Temperature (˚C) 100 120 120 140 

No. of cycles 3 3 2 2 

Static time (min) 4 4 6 6 
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The obtained peak area ratio results (Figure 2) were improved using 1.0 g 
compared to blank. Therefore, the method was modified by increasing the static 
time from 6 to 10 minutes (Method E, Table 3), which increased the surrogate 
recovery from 74% (method C) to 89% (method E). The improvement of recov-
ery was demonstrated by the following procedure: after ASE prewash (method E 
applied on a cell filled with diatomaceous earth), about 2/3 (v/v) of the washed 
filler was mixed homogeneously with about 1.0 g of dry sample in a glass beaker, 
spiked with 1.0 mL of DEHP-d4 surrogate (5.9 ng) and reloaded for extraction. 
Since method E showed the best performance, it was adopted as the ASE extrac-
tion method for this study. 

The combination of all of these procedures (increasing sample weight, 
pre-extraction cell wash and glassware rinsing and heating) reduced the PAE 
blank signal to sample signal ratio to less than 7%. This indicated that the results  

 

 
Figure 2. Reducing contributions to PAE contamination along the procedure. (a) Effect of sample 
amount on the ratio of PAEs extracted from the blank (diatomaceous earth extracted by hexane), to 
PAEs derived from the sample; (b) Impact of diatomaceous earth prewash procedure on this ratio. 

 
Table 3. Optimized ASE method based on recovery of surrogate standard in sample. 

ASE conditions Method E 

Sample dry weight (g) 1.0 

Cell 10 mL with glass-fiber filter 

Filler Diatomaceous earth 

Temperature (˚C) 120 

Cycles 2 

Static time (min) 10 

Solvent n-Hexane 

Rinse volume (%) 60% 

Purge time (sec) 60 

Volume obtained (mL) ~20 
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of the suggested method would represent PAE concentrations in the samples with a 
deviation of ±7% potentially contributed by the laboratory procedures (Figure 2). 

3.2. Method Validation 
3.2.1. Specificity, Linearity, LOD and LOQ 
Specificity was demonstrated by running 12 blank (filler) samples (Figure 3(a)), 
which indicated compatible interference values up to 0, 10 and 32 ng/g for 
DnOP, DBP and DEHP, respectively. In addition, all tested samples gave ac-
ceptable qualifier ion abundance ratios. 

Adequate linearity was obtained in the range of 5.4 to 269 ng/mL, with a cor-
relation coefficient R2 ≥ 0.998 for the selected PAEs (Figure 4). The equivalent 
concentrations were calculated by multiplying the concentration by the dilution 
factor, 25, and dividing by the sample weight (1 g). Thus, the linearity range (5.4 
- 269 ng/mL) was equivalent to the actual PAE concentrations of 135 to 6725 
ng/g dry sample. S/N above 3 and 9 were considered for LOD and LOQ, respec-
tively, and were calculated according to: 

( ) ( )

( ) ( )
DBP

DBP

LOD 3.3 0.042 0.0284 25 122;

LOQ 10 0.042 0.0284 25 370

= × × =

= × × =
           (4.1) 

 

 
Figure 3. GC-MS chromatograms. (a) Filler blank sample + IS; (b) PAE standards (5.4 ng/mL) + IS; (c) PAE stan-
dards (54 ng/mL) + IS; (d) Chromatogram of a representative sample (Eilat, Dolphin Reef) + IS. 
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Figure 4. Representative linearity ranges for DnOP, DBP and DEHP. 

 

( ) ( )

( ) ( )
DEHP

DEHP

LOD 3.3 0.020 0.0127 25 130;

LOQ 10 0.020 0.0127 25 394

= × × =

= × × =
           (4.2) 

( ) ( )

( ) ( )
DnOP

DnOP

LOD 3.3 0.022 0.0203 25 89;

LOQ 10 0.022 0.0203 25 270

= × × =

= × × =
           (4.3) 

3.2.2. Accuracy, Repeatability and Stability 
Accuracy was determined by recovery of the isotope-labeled surrogate DEHP-d4 
in each sample at an amount of 5.9 µg. The average recovery obtained from 52 
samples was 89.2% with RSD = 10.3%, indicating acceptable accuracy. 

Method repeatability was examined by preparing one set of six individual 
samples from pooled homogenized powder of milled dried ascidians. The aver-
age concentration and RSD were calculated (Table 4). The obtained RSD values 
for DBP and DEHP were lower than 5.0%, and no DnOP was detected. These 
RSD values indicate good repeatability of the proposed method. 

Sample stability was evaluated by the calculated RD values of the target PAE 
concentrations in samples after the extraction and dilution procedure. On-machine 
stability was tested by leaving samples (n = 6) in GC vials in the autosampler for 
22 h. Average RD values of 8% ± 3% and 4% ± 3% were obtained for DBP and 
DEHP, respectively. A storage stability test was conducted by placing sample 
solutions (n = 4) in volumetric flasks at 4˚C for 72 h. Average RD values of 2% ± 
2% and 8% ± 7% were obtained for DBP and DEHP, respectively. Therefore, an 
average RD of less than 10% was considered acceptable. 

3.3. Method Application to Ascidian Samples 

The method was applied for two different invasive ascidian species. Samples 
were collected from different sites along the Israeli Mediterranean and Red Sea 
coasts to identify and quantify the selected PAEs. As expected, while processing 
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and treating the environmental samples, several undefined signals appeared on 
the chromatograms (Figure 3(d)). However, the obtained signals for the target 
PAEs were much more prominent, due to method optimization. The average 
concentrations of DBP and DEHP were relatively high and varied among the 
different sites (Figure 5). No DnOP was identified in any of the samples [3]. 

Furthermore, the obtained results showed high uptake of PAEs by the asci-
dians. This suggests the high potential of these organisms, as natural filters, to 
act as bioaccumulators and to serve as bioindicators for PAE occurrence and 
contamination in the marine environment [3]. 

4. Summary and Conclusion 

A method to identify and quantify three common PAEs—DEHP, DBP and 
DnOP extracted from a biological matrix (solitary ascidians) was developed and 
presented. The method includes extraction of PAEs from ascidian tissues using 
ASE technique and GC-MS chromatographic method. The extraction method 
parameters were optimized. LODs and LOQs were obtained from the S/N ratio 
and the statistical calculations using multiple calibration curves, while a good  

 
Table 4. Average concentration of DBP and DEHP detected in invasive ascidians dry samples.  

Sample dry weight (g) DnOP (ng/g) DEHP (ng/g) DBP (ng/g) Replicate # 

1.0060 <40 1220.8 585.6 1 

1.0375 <40 1115.2 612.7 2 

1.0739 <40 1084.7 649.2 3 

1.0151 <40 1185.1 669.8 4 

1.0685 <40 1152.4 643.1 5 

1.0455 <40 1178.5 647.8 6 

  1156.1 634.7 Average 

  4.3 4.8 RSD (%) 

 

 
Figure 5. Average concentrations of DBP and DEHP detected in samples of dried inva-
sive ascidians. (a) Samples containing relatively high concentrations of the target PAEs; 
(b) Samples containing relatively low concentrations of the target PAEs. 
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linear correlation was demonstrated (total range of 50). Method accuracy and 
repeatability were excellent indicating method quality. Special attention was paid 
to the cleaning process and to avoidance of cross-contamination from plastics 
during the procedure. These satisfactory results demonstrate the method’s ap-
plicability for the detection of PAEs specifically in ascidians, and potentially also, 
with minor modifications, in other marine organisms. The use of more sensitive 
equipment, such as a triple quadrupole mass spectrometer, and additional sam-
ple preparation procedures (concentration and cleanup), is expected to increase 
the method’s sensitivity, allowing its use for even smaller organisms with less 
PAE uptake. Having shown their ability to accumulate PAEs in their body, asci-
dians might be used as bioindicators for future monitoring programs and studies 
on plastic contamination in the marine environment. 
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