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Evaluation of Extraction Conditions for Volatile Extractables from 
Polypropylene, PBT Resins, and Chlorobutyl Rubber Elastomers 
Using a Variety of Solvents and Extraction Techniques
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ABSTRACT
Chemical safety assessment is one necessary step to demonstrate that the polymer used is free from harmful chemicals. 
The assessment should start with adequate material characterization using state-of-the-art analytical methods, includ-
ing various chromatography techniques most often hyphenated with mass-spectrometric detection. Since polymers are 
usually incompatible with direct analysis using chromatography-based techniques, an extraction step is required prior to 
analytical testing. This paper provides information for practitioners who need to understand how to develop science-based 
extraction conditions that enable the determination of the polymer composition with respect to volatile compounds. An-
alytical data sets for three types of polymers (polypropylene, polycarbonate, polybutylene terephthalate, and a rubber 
elastomer) are presented using three different solvents and three different extraction techniques. The extracts were col-
lected at different times during extraction and analyzed by GC-MS. The differences observed between extraction tech-
niques, conditions, and solvents are discussed to better understand the impact of these parameters in extractable studies.
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1.0. Introduction
“Extraction is a process of treating a material with a solvent to 
remove soluble substances. Extraction is a complex process 
influenced by time, temperature, surface area to volume ratio 
(i.e., stoichiometry), extraction medium, and the phase equi-
librium of the material” [1]. In addition to those parameters, 
the solvent and the polymeric material properties also impact 
the extraction process [2]. 
The generally accepted approach in designing an extraction 
study is based on “like-dissolves-like” [3], meaning that the 
extraction solvent extracts species with similar characteris-
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tics. Different solvent parameters have been evaluated and 
reported for extractable studies, such as polarity, dielectric 
constant, and logP [4]. 
The physicochemical properties of the test article or the poly-
mer resin must also be considered when designing extract-
able studies. The molecular weight of the polymer can impact 
the extraction efficiency; a higher MW usually slows down 
the extraction. The Tg of the polymer can also influence the 
extraction, as higher crystallinity usually results in a lower 
extraction rate, similar to crosslinking [5]. Extraction studies 
should be designed so that the polymeric test objects are not 
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degraded, and the extraction process should not impact the 
integrity of the test article. 
Polymeric materials and components used in packaging and 
delivery systems for pharmaceutical products or medical de-
vices must be suitable for their intended use. They must func-
tion properly, adequately protect the pharmaceutical product 
over its shelf-life and mechanically perform as intended to 
administer the product to the patient. They must also be me-
chanically and chemically stable or function properly as a 
drug-release matrix in combination products. An appropriate 
and well-designed chemical evaluation of plastic materials 
can be utilized to support chemical safety and compatibil-
ity [6]. The modern practice of assessing extractables and 
leachables (E&L) can support such evaluations. 
Extractables are the chemicals derived from container clo-
sure systems (CCS), packaging, or device components, us-
ing laboratory solvents of different characteristics and beyond 
normal use conditions (e.g., elevated temperature, pressure, 
agitation). Leachables are chemicals derived from CCS or 
device components that are part of the final drug product un-
der normal storage and patient-use conditions [7]. E&Ls may 
be associated with a variety of chemicals, or their derivatives, 
used in the manufacturing of pharmaceutical packaging sys-
tems, including catalysts, initiators, additives (e.g., lubricants, 
antioxidants, anti-tack, and antistatic agents), oligomers 
with a low degree of polymerization, adhesives, anchoring 
agents, adhesive resins, and irradiation-induced degradation 
products and oxides [7,8].
Extractables are potential leachables and thus have only 
a potential impact on the patient, whereas leachables may 
have an actual impact. The effective management of contact 
material-derived leachables in product packaging is critical 
for the development of many pharmaceutical products, such 
as parenterals, injectables, ophthalmics, and inhalation and 
nasal products. 
Several regulatory agencies strongly encourage the man-
agement of leachables in drug products, which has result-
ed in multiple regulatory and industry guidance documents 
that address the expectations for E&L management [1,9-12]. 
Information about extractables can be used to assist in the 
selection of a container closure system or delivery system 
materials for final drug products or finished medical devices 
[7]. While many existing regulatory guidelines and standards 
specifically indicate how to plan a process-specific evalua-
tion, the need for further standardization of the E&L assess-
ment process is still debated in the scientific and regulatory 
communities.

Extractables are most often associated with the chemical 
composition of the materials; however, chemical additives or 
processing aids used during material or component manufac-
turing also need to be considered as part of a comprehensive 
approach. The pharmaceutical industry has pursued several 
avenues to obtain comprehensive chemical composition in-
formation on the ingredients and processes used to fabricate 
materials and components employed to construct packaging 
and delivery systems for pharmaceutical products. These 
avenues may include requesting information from suppliers, 
asking suppliers to perform the testing, initiating indepen-
dent extraction studies on materials, or leaching studies of 
finished products. 
Typically, the burden of acquiring detailed chemical compo-
sition information falls to the pharmaceutical manufacturer, 
who executes or sponsors testing to meet the regulatory 
requirements. Previously studies have been performed via 
a consortium of multiple analytical laboratories with E&L as-
sessment capability [13]. These studies aimed to investigate 
the potential for simplifying E&L assessment protocols. Ex-
amples of simplification include using fewer extraction tech-
niques or even just one, or reducing the number of solvents, 
while still obtaining sufficient information to characterize 
the polymeric materials. Streamlining these studies might 
lead to a more effective materials selection process [13]. It 
was expected that extractables assessment studies, when 
accomplished, would provide qualitative and semiquantita-
tive information on extractables consistent with the identity 
of the material of construction and its additive composition. 
Although a consensus was reached on scientific principles 
and analytical techniques, working groups and laboratories 
across the industry proposed different protocols to perform 
E&L assessment for different polymeric systems. These pro-
posals included extraction conditions and analytical work-
flows consisting of physicochemical analyses, spectroscopic 
techniques, and advanced analytical techniques that enable 
the identification and characterization of a wide spectrum of 
organic compounds and inorganic elemental impurities at 
trace (ppb or ppt) levels [14].
Generally, material selection, when possible and relevant, 
would also include information from the supplier, for exam-
ple, regarding processing agents and washing conditions, 
which would also be some of the analytes investigated in 
extraction studies. One of these benchmark studies, the 
ELSIE pilot program [13], did not use industrially fabricated 
parts or components, but rather the resin (i.e., the material of 
construction) and the resin processed via a known protocol 
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(with no processing agents). The effect of processing on the 
extractables profile from mechanical and thermal stress was 
evaluated as part of the ELSIE protocol and discussed with 
industrial examples in a separate paper [15]. 
Several round-robin studies were published targeting multi-
ple types of polymeric materials, extraction techniques, sol-
vent combinations, and other practical variables [13,15-17]. 
Those studies were conducted by different analytical labora-
tories, using various approaches to perform the extractions 
and analyze the extracts. Despite the great effort to design 
and standardize those studies, drawing a general conclusion 
about the materials, extraction techniques, and conditions is 
difficult. Although these publications share significant levels 
of detail about different extraction methods [13,16] and sol-
vents and propose best practice approaches for analyzing 
the extracts, they lack justification for selecting the extraction 
conditions. The extraction conditions, which include the type 
of extraction, the duration, and the temperature, have a sig-
nificant impact on the outcome of the extraction study as de-
scribed in the United States Pharmacopeia (USP) standard 
[10].
In this study, three materials were selected for evaluation: a 
polypropylene resin, a PBT Xenoy resin, and a chlorobutyl 
rubber stopper. The stopper was a finished sterilized pack-
aging component. After preliminary experiments that focused 
on ester-forming potential, evaluation of dielectric constant, 
and swelling with a variety of solvents, three extraction sol-
vents of different polarities and chemical characteristics were 
selected. Isopropanol (IPA) is a relatively polar organic sol-
vent with a polarity index of 3.9 and a dielectric constant of 
19.92; cHex is a non-polar solvent with a polarity index of 0.2 
and dielectric constant of 2.02, and dichloromethane (DCM) 
is an intermediate solvent between alcohol- and hydrocar-
bon-type solvents with a polarity index of 3.1 and dielectric 
constant of 8.93. The solvents were combined with three ex-
traction techniques: reflux at atmospheric pressure, shaking 
with a closed vessel (which generates a slight over-pressure 
during the experiments), and a pressurized vessel. The con-
ditions used in the experiments differed from those listed in 
ISO 10993-12 [18]; therefore, they may not be appropriate for 
the toxicological risk assessment of medical devices. 
The resulting extracts were subjected to gas chromatogra-
phy–mass spectrometry (GC-MS) analysis, which targets 
volatile and semi-volatile extractable species. Since the 
analysis focused on volatile species, the conclusions made 
here are not appropriate for a full-scale assessment of the 
extractables. The measured asymptotic concentration levels 

were used to identify the practical end-point of the extraction, 
which is appropriate to characterize polymeric materials for 
pharmaceutical packaging [10].

2.0. Experimental
2.1. Materials, chemicals, and standards
Previous studies have evaluated low-density polyethylene 
(LDPE), polyvinyl chloride (PVC) (multiple studies), polyure-
thane, cyclic olefin copolymer (COC), polycarbonate, and 
isobutylene rubber [13,15-17]. In this study, the following 
polymeric materials were examined:
•  Chlorobutyl-rubber grey-colored septa (West 4432/50 

coated with BH2-40 and Flurotec (P/N 19700022) WPS 
S10-F451 4432/50G B2-40WESTARRS1M/PK), steril-
ized; 

•  PC-PBT Xenoy 6370 (polycarbonate-polybutylene tere-
phthalate) glass-fiber reinforced black pellets; 

•  Polypropylene (PP) pellets, natural no colorants (Poly-
propylene Plastic Resin Pellets Natural Injection Mold-
ing PP Impact co-polymer Flint Hills Resources, Lot. No. 
AP61123-HS). 

The final extraction solvents for the study were selected af-
ter the impact of swelling and alcohol-ester formation were 
evaluated. After analyzing the data from the preliminary 
experiments (see other sections for detailed descriptions), 
three extraction solvents were selected for use: 2-propanol 
(IPA), cHex, and DCM. These extraction solvents were ac-
quired from Millipore Sigma (St. Louis MO, USA) with trace 
analysis purity. The additional solvents used for the solvent 
selection evaluation process, specifically, methanol, ethanol, 
ethyl-acetate, n-hexanes, heptane, iso-octane, and toluene, 
were acquired from Millipore Sigma in HPLC or GC grade. To 
estimate the quantity of the extracted analytes, a multi-com-
ponent mixture of internal standards (EPA B/N mixture) con-
taining d5-nitrobenzene, 2-fluorobiphenyl, pyrene-d10, and 
terphenyl-d14, was purchased from Restek Corporation and 
used at a 1 µg/mL spiking level. 

2.1. Extraction conditions 
The study focused on volatile and semi-volatile analytes. 
Based on the previously reported data, the “extractable pro-
file” for the studied materials was mostly organic [16], and 
when water was used as the extraction medium, a low level 
of extractables was observed. Therefore, water was not used 
in this study to optimize the extraction conditions. The prop-
erties of the solvents are listed in Table 1. 
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Table 1. Solvent properties and extraction technique summary

Solvent Solvent boiling point
(atmospheric pressure (°C)

Pressured vessel
temperature (°C)*

Reflux extraction
(°C)

Shaking with
agitation (°C)**

2-propanol
(IPA)

83 105 83 55

Cyclohexane
(cHex)

81 105 81 55

Methylenechloride 
(DCM)

40 105 40 55

Extraction time
(hours)

2 for PP and rubber
18 for PBT

24
120 for IPA and cHex

28 for DCM

*The extraction temperature for the pressurized vessel was selected to be higher than the boiling point of all the solvents.

**The extraction temperature for the shaking was selected to be slightly higher than listed in ISO 10993-12 (2015). It is noted 
that the shaking temperature is higher than the boiling point of the methylene chloride however it is below the boiling points 
for the other two solvents.

The extraction studies were performed using three extraction 
techniques:
1. Closed-vessel pressurized extraction, where the sam-

ples were placed in pressure-resistant stainless-steel 
extraction vessels with a 50-mL internal volume. Ap-
proximately 3 grams of material were used for the ex-
traction with 30 mL of solvent (10 mL solvent for each 
gram of polymer). The closed extraction vessels were 
placed into a calibrated oven for 18 hours at 105°C. 
(For dichloromethane, the pressure in the vessel is ap-
proximately 5 times atmospheric pressure.) Intermittent 
sampling was performed at 0.5, 1.0, 1.5, and 2.0 hours 
after the extraction started. For each intermittent sample, 
the vessels were rapidly cooled (less than 2 minutes) to 
ambient laboratory temperature using a liquid nitrogen 
cooling bath, and 0.25 mL of extract was removed (in 
triplicate). The cHex and DCM solvents impacted the 
PP and the rubber samples by swelling the materials as 
a result no sampling was performed at the end of the 
extraction period as no solvent was recoverable. These 
solvents did not impact the PBT polymer. 

2. Reflux extraction, where the polymer samples were 
placed into an open glass vessel (1 g to 10 mL poly-
mer to solvent ratio), the solvent was added, and a 
vapor condenser unit was connected. The vapor con-
denser unit was cooled via a recirculating cooling unit 
maintained at 8°C to ensure proper condensation of the 
solvent vapor. Extraction was performed at the boiling 
temperature of the solvent. (The boiling points of the sol-

vents are listed in Table 1.) Intermittent sampling was 
performed at 1, 2, 5, 8, and 24 hours of extraction time 
with 0.25 mL removed at each time point (in triplicate). 
The solvent loss during the reflux process was less than 
10% over 24 hours. 

3. Closed-vessel agitation (shaking), where the polymer 
samples were placed into a medium-pressure-resistant 
sealed glass vessel, and a 1:10 ratio of sample to solvent 
was added. The type of vessel used for the extraction 
can hold medium pressure for a limited time. The sam-
ples were kept in a heated shaker at 55°C and 150 rpm. 
Sampling during the extraction was performed at 4, 20, 
28, 48, 72, and 120 hours. The sampling was performed 
by taking 0.25 mL of the extract in triplicate. Before sam-
pling, the vessels were cooled to ambient temperature to 
minimize the potential loss of volatiles.

The extraction vessels used in the study were selected to 
address volatile and semi-volatile organic extractables. The 
glass and the stainless-steel vessels are compatible with hy-
phenated chromatographic methods. However, due to their 
composition, they would generate elevated levels of Na, K, 
B, Si, Fe, Cr, Ni, and Co; the extracts were not intended to 
evaluate elemental impurities. The other reason the elemen-
tal impurities were not monitored is that the organic solvents 
used in this study are a poor choice for extracting elemental 
impurities and require a special method to introduce the sam-
ple to the plasma source (solvent exchange or dilution). 
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2.3. Justification for the solvents used in the study
The regulatory and industry expectations regarding extract-
able studies are that solvents or solvent systems with differ-
ent polarities and chemical characteristics should be used to 
extract the widest possible range of chemical species [7,8]. 
Solvents should be selected based on scientific rationale, 
and the scientist should be aware that the solvent can alter 
the outcome of the extraction study. It is well known that prot-
ic solvents, such as ethanol or isopropanol, can react with 
acidic extractables to form esters; however, very limited data 
have been published [19]. Our data show that ethanol pro-
duces the highest conversion rate among the three alcohols 
selected for evaluation (methanol, ethanol, and isopropanol).
To study the esterification effect, a PP material was used, with 
three solvents in a pressurized vessel for a 2-hour extraction 
period. After the extractions were completed, the vessels 
were cooled, the samples were injected into a GC-MS, and 
the differences between the samples were evaluated.

The conversion rates were calculated based on the following 
equation:

Equation 1:

For the DCM extracts, the sum of the methyl, ethyl, and iso-
propyl esters was determined and used as a control, as those 
esters are present in the non-extracted polymer, and DCM 
is inert with respect to ester formation. Therefore, no further 
ester formation is expected.
The results for the formation of palmitic and stearic acid es-
ters show that while IPA has a 10%–14% conversion rate, 
methanol has 28%–36% conversion, and ethanol shows a 
49%–67% conversion, even for this relatively short extraction 
time. 

A similar phenomenon was observed for 3-(3,5-di-tert-bu-
tyl-4-hydroxyphenyl)propanoic acid, as the formation of the 
different alcohol-esters was observed at different levels in the 
extracts. One of the most often observed degradation prod-
ucts of Irganox-1010 is 3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propanoic acid, reported earlier in the literature [20,21]. As 
it has an acid functional group, it is prone to react with alco-
hol extraction solvents. Under the conditions used for this 
evaluation, the level of ethyl-ester was elevated by almost 
800-fold when ethanol was used for the extraction compared 
to the DCM control extraction. In comparison, the elevation 
of the isopropyl-ester was 95-fold, and the elevation of the 
methyl-ester was 8.5-fold. 
Based on the ester formation data, isopropanol was select-
ed as the protic extraction media for the studies, DCM as a 
mid-polar solvent, and cHex as an apolar solvent. The impact 
of solvent swelling from a wide range of solvents is discussed 
in the results and discussion sections of the paper (see Ta-
ble 2 and Table 3). 

2.4 Internal standard used for the study
A multi-component mixture of internal standards (EPA 
base-neutral), which includes four compounds with differ-
ent chemical properties, chromatographic retention times, 
and chromatographic behavior, was selected. The nitroben-
zene-d5 provides a low response, is relatively polar, and 
elutes early, 2-fluoro-biphenyl elutes at the middle of the 
chromatogram, and pyrene-d10 and terpenyl-d14 elutes at 
the end of the chromatogram. Internal standards (IS) were 
applied to compensate for the variation in the injection pro-
cess, and the extracted analytes were quantitated against 
the average response of the spiked internal standards. The 
internal standard was spiked into each extract at a 1 µg/mL 
(1 ppm) level, equivalent to 10 µg/g of the polymer mate-
rial since a 10 mL to 1 gram solvent-to-polymer ratio was 
used. The 1 ppm level is a comfortably low concentration to 
address the extractables at the early stage of the extraction 
process and provides sufficient signal for the analysis. All the 

Table 2. Swelling Potential of Different Solvents

Solvent/polymer Polypropylene 
% swelling

PTFE coated chlorinated rubber stopper
% swelling

IPA 1.4 1.5

cHex 7.8 31.7

DCM 5.3 21.4
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Table 3.  Impact of swelling for the extraction performance

PP resin Chlorobutyl rubber elastomer

Solvent 
(dielectric constant)

% swelling
Σ ∑ of hydrocarbons 

µµg/mL
% swelling

C21 rubber oligomer
µµg/mL

BHT 
µg/mL

Methanol (32.70) 0.5 0.2 0.2 0.2 0.3

Ethanol (24.55) 1.5 0.3 0.1 0.2 0.2

IPA (19.92) 1.4 0.2 1.5 0.2 0.2

Ethyl-acetate (6.02) 1.5 1.1 2.4 5.1 0.0

Hexane (1.88) 4.3 4.5 30.2 61.9 53.4

Heptane (1.92) 4.1 5.7 27.9 23.6 20.4

Iso-octane (1.94) 2.3 1.6 22.9 25.7 16.0

cHex (2.02) 7.8 5.9 31.7 34.3 33.5

Toluene (2.38) 5.8 1.8 28.7 8.1 34.1

DCM (8.93) 5.3 4.0 21.4 27.2 26.7

The highest observed levels at the presumed asymptotic level for hydrocarbons: 485 µg/mL, C21H40 butyl-rubber oligo-
mer: 257 µg/mL and 183 µg/mL for BHT
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extracted chemical species were evaluated at or around 0.2 
analyte/IS ratio.

2.5 Instrument conditions
2.5.1 GC-MS conditions
The sample extracts were analyzed with GC-MS, which con-
sisted of a Thermo Scientific Trace 1310® high-resolution 
gas chromatograph (GC) with a TSQ9000 triple quadrupole 
detection system (MS). The GC was equipped with a PTV in-
jection system, used in a programmed temperature splitless 
mode at 40°C to 260°C with a 12°C/sec heating rate and 
0.75 min of splitless time. For the chromatographic separa-
tion, a Restek Rxi 5 MS column (40 m x 0.18 mm with 0.18 
µm film thickness (β=250)) and He carrier gas (Ultra High Pu-
rity, less than 1 ppm total impurities) at 1.1 mL/min constant 
flow were used. The temperature program was 50°C (1-min-
ute hold) to 325°C at 10°C /min (3-minute hold). Electron 
ionization was performed at 70 eV energy and 50 µA current 
with an ExtractaBrite™ ion source operated at 275°C. A 0.5 
µL volume of sample was injected for analysis. Data acquisi-
tion was performed in 50-550 m/z range using a 5 scan/sec 
scanning rate. 
The samples were injected in triplicate for each extract, and 
the average of the triplicate testing was plotted. System suit-
ability criteria for the analysis was that the signal-to-noise of 
the lowest responding analyte, nitrobenzene-d5, must be at 

least 50:1 RMS for each extraction solvent and condition.
For additional confirmation of the extracted chemical species, 
a Thermo Scientific GC-Orbitrap® High-Resolution Accurate 
Mass System (GC-Orbi) was used to confirm the identity of 
the extractable species. Except for using a shorter chromato-
graphic column for the separation (Restek Rxi 5 MS 30 m 
x 0.25 mm with 0.25 µm film thickness (β=250)), the chro-
matographic conditions were similar to those used above. 
The high-resolution detection system was used at the 60,000 
resolution setting with a mass error of less than 1 ppm, using 
similar ion source conditions to those listed above.

2.6 Method performance for analyzing the extracts
In order to be confident in the GC-MS analysis of the extracts, 
the method was evaluated using standard solutions of some 
of the identified extractables, specifically, acetophenone, 
2,4-di-tert-butyl-phenol (2,4 DTBP), bisphenol A, BHT, and 
BHT-aldehyde. As numerous hydrocarbons were observed, 
a saturated linear hydrocarbon of C18H38, which eluted in the 
middle of the chromatographic range, was also evaluated. 
The following performance parameters were evaluated; limit 
of detection (LOD), based on the calculated S/N ratio at 0.02 
µg/mL, injection precision based on the %RSD injection at 
0.5 µg/mL level, and linearity in a range of 0.5–5 µg/mL. The 
following results were obtained for the different analytes (Ta-
ble 4). Based on the 0.02 µg/mL concentration standard, it 



can be confirmed that the method LOD is lower than 20 ng/
mL for all of the studied analytes.
Since every sample was spiked with a multi-component IS 
mixture, the %RSD for the response ratio was also calcu-
lated, and the values were in a range of 8.7%–19.4% at the 
1 ppm spiking level for the different analytes (the lowest re-
sponding analyte, nitrobenzene-d5, showed the highest in-
jection %RSD). This level of injection %RSD meets the pub-
lished requirements for this type of testing [22,23].
Based on this performance evaluation, the analytical method 
is fit for estimating levels of the extractables and can be used 
to compare the extraction processes. In general, more exten-
sive full quantitative method validation was not performed, as 
this activity is usually not required for initial extraction studies 
(i.e., controlled extraction studies) [13,15-17,23].

3.0. Results and Discussion
3.1 Polymer swelling
During the experiments, the cHex and DCM solvents caused 
the PP and rubber elastomer samples to swell. In some cas-
es, the extraction solvent was unrecoverable; therefore, the 
effect of this swelling on extraction performance was evaluat-
ed. Swelling is defined as the penetration of a solvent into the 
polymer network, which causes an abrupt volume change, 
moving the boundary from the unsolvated glassy region to 
the solvated region and expanding the rubbery domain [24]. 
The absorption of liquids leads to changes in the mechani-
cal properties of the swollen material and may create extra 
pressure when it occurs in confined spaces, which results 
in various deformations of the swollen material (i.e., surface 
creases and wrinkles). This process may also significantly al-

REVIEWS IN SEPARATION SCIENCES 7/19

Norwood D et al. Impact of the extraction conditions on different polymeric materials

 Reviews in Separation Sciences              Research Article 

Table 4. Method Performance Summary.

Analyte/perfor-
mance parameter

S/N average 
@0.5 µg/mL level (n=6)

S/N average 
@0.02 µg/mL level

Injection
%RSD @0.5 µg/mL 

level (n=6)

Regression coeff-
cient of the linearity 

(r2)

Acetophenone 1327 27 7.4 0.9998

BHT 5323 520 10.3 0.9997

BHT-aldehyde 2267 156 14.2 0.9992

Bisphenol A 877 86 27.9 0.9924

2,4 di-tertbutyl-phenol 5330 225 10.1 0.9991

C18H38 4930 91 1.6 0.9999

The presented S/N ratios for the 0.5µµg/mL level are for information only, the data was not used to calculate the LOD of the 
method.

ter the adsorption–desorption properties of adsorbates [25]. 
As the solvents penetrate the polymer network, the chemical 
additives present in the polymer network become more ac-
cessible to the solvent, and diffusion into the solvent network 
will be enhanced and accelerated. 
The PBT Xenoy resin showed no swelling in IPA, cHex, or 
DCM, while the rubber elastomer showed the highest de-
gree of swelling in cHex and DCM. Overall, cHex showed 
the highest degree of swelling for both the PP and the rubber 
elastomer. The conventional definition of the degree of swell-
ing is described as the percentage of weight increase of the 
polymeric material. This definition works very well if different 
materials are compared using the same solvent; however, 
different solvents were used on different materials in this 
case. Because the density of DCM is 72% higher than that of 
the cHex, the weight difference may not be the best param-
eter to evaluate the swelling rate. Therefore, the percentage 
of volume change for the evaluation was used, as described 
in Equation 1. 
The swelling data are presented in Table 2. Swelling is de-
fined as the percentage of the volume change after solvent 
exposure for 24 hours at room temperature using 10 mL of 
solvent for each gram of polymer.

Equation 2:

In order to better understand how the solvents impacted the 
levels of extracted analytes and to determine the correlation 



between the swelling power of the solvent and the observed 
extractables levels, an experiment with 10 different solvents 
was performed. The organic solvents covered a range of 
polarity and compound classes, including alcohols, hydro-
carbon-type solvents, aromatic solvents, an ester, and a ha-
logenated solvent. The solvents are listed in Table 3. The 
PP resin and the chlorobutyl rubber stopper were used as 
is, without cutting or grinding, at a 10 mL/g solvent-to-poly-
mer ratio, at room temperature with no agitation or other, 
more aggressive, manipulation. After 24 hours of soaking, 
the polymers were removed from the solvents, the volume 
of the polymers was measured, and the % swelling was cal-
culated using the equation above. The extracts were spiked 
with the internal standard to support quantitative evaluation 
and analyzed by GC-MS. For the PP resin, the sum of the 
hydrocarbons was calculated in µg/mL, and for the rubber 
elastomer, the level of the C21H40 butyl-rubber oligomer and 
the BHT were calculated and are presented in Table 3. 
The data show a correlation between swelling and the BHT 
level. However, this does not demonstrate causation, as oth-
er solvent properties (such as logP and polarity) can play an 
important role. The degree of swelling was significant for tolu-
ene, but the amount extracted is high for BHT and low for the 
hydrocarbon-type analytes (i.e., C21H40 oligomer from rubber 
and hydrocarbons from PP). The trend is not as strong for the 
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sum of hydrocarbons in PP or the C21H40 butyl-rubber oligo-
mer in the elastomer. The observed levels for the selected 
extractables were below the saturation point of the target an-
alytes, as it was possible to make a 5 mg/mL concentration 
solution for BHT and C8–C40 hydrocarbons for each of the 
solvents. Thus, the overall solubility of the BHT and the hy-
drocarbons (especially in alcohols) has no impact on the ob-
served results. (The reference standard for the C21H40 rubber 
oligomer has limited availability and is prohibitively expen-
sive; however, it is chemically a hydrocarbon, and the mass 
spectral fragmentation is similar to hydrocarbons.) 
Generally, a fair or medium correlation was observed be-
tween the swelling property of the individual solvent and the 
observed level of analyte in the extracts (Figure 1). However, 
it is very difficult to predict the “best-performing solvent” for a 
certain type of polymeric material. This experiment can help 
narrow the solvent choices and determine an appropriate 
solvent/polymer ratio to avoid full absorption of the solvent 
by the polymer matrix. A recent study has claimed that the 
dielectric constant of the solvent and the extracted level of 
the analyte were correlated [26]: a reasonable correlation 
between the dielectric constant and the level of extractables 
was observed. However, the study was limited to relatively 
polar matrices with high dielectric constant values (the dielec-
tric constant values ranged from 45 to 78) and therefore had 
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Figure 1. BHT, C21H40 and sum of hydrocarbons level extracted from rubber elastomer and PP vs. swelling. The plot shows 
a reasonably strong positive relationship for BHT and a moderate relationship for C21H40 and the hydrocarbons between the 
concentration and the swelling.
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limited applicability to predict the outcome of an extraction 
study where multiple solvents are used. No correlation was 
observed in our work, which includes apolar solvents (see 
Figure 2). If such a prediction tool is implemented in the fu-
ture for industry use, it should be based on a wide range 
of solvents, target analytes, and polymer matrixes, similar 
to the tool developed by United States Food and Drug Ad-
ministration Center of Device and Radiological Health (FDA 
CDRH) [27].

3.2 Result of the extraction studies
The extraction techniques and solvents used in this study are 
listed in Table 1. All the chosen extraction techniques are in-
cluded in USP General Chapter <1663>. Therefore, they are 
considered standard for extraction studies [6,8]. There are 
technical issues associated with these extractions: where el-
evated pressure is associated with the extraction technique, 
the integrity of the extraction system can be compromised. 
Figure 3 shows the type of extraction vessels used in this 
study (vessel A was used for the shaking experiments, while 
vessel B was used for pressure vessel extractions). The 
glass vessel with the black elastomer seal (vessel A) is capa-
ble of holding a medium pressure (our estimate is consistent-
ly holding double the atmospheric pressure) and was suitable 
for IPA and cHex; however, it was not suitable for the DCM 
extraction as after 28 hours, a significant loss of analytes was 
observed. Vessel B uses a non-elastomeric PTFE seal, and 
it is capable of dealing with higher pressures (more than 20 
times the atmospheric pressure) and was, therefore, suitable 
for all the solvents used in this study, even at high extraction 
temperatures. 
The analysis of the extracts was designed to be performed 
only with GC-MS for two reasons. First, the low molecular 
weight species usually migrate faster (inversely proportional 
to the square root of the molecular weight, Graham’s Law), 
and therefore asymptotic levels could be reached more 

Figure 2. BHT, C21H40 and sum of hydrocarbons level extracted from rubber elastomer and PP vs. dielectric constant. The plot 
shows weak negative relationship for all the target analytes vs. the dielectric constant. 

Figure 3. Images of the different pressurized extraction ves-
sels (A: right, used for shaking; B: left, used for higher pres-
sure extractions). The presented extraction vessels are not 
compatible to generate data for elemental impurities.
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quickly. Second, the identification process for small mole-
cules, using GC-MS is more straightforward than for non-vol-
atile species using analytical techniques such as LC-MS (liq-
uid chromatography–mass spectrometry). This facilitated the 
identification of all observed extractables (at least to the con-
fidence level required according to USP <1663> [10]) above 
the reporting limit and avoided the often observed unknown 
extractables observed in similar studies [13,17]. The extract-
ables are listed with associated identification categories in 
Table 5.

3.3 Identification of extractables
The identified extractables above the 0.5 ppm reporting level 
from different materials are listed in Table 5. The identifica-
tions were accomplished based on authentic reference mate-
rials (when available). For extractable species with no avail-
able reference standard, identification was accomplished 
based on a NIST (version 2.4 2020) library search (a library 
match factor of at least 850), expert spectral interpretation, 
and elemental composition based on high-resolution accu-
rate mass measurements. The study focused only on evalu-

ating volatile extractables. For the identification of volatiles in 
industry, the best practice was followed as indicated above. 
The identification steps described above were followed ac-
cording to USP General Chapter <1663> [10]. 

3.4 Analytical results for polypropylene (PP) resin
Polypropylene is one of the most commonly used polymers 
for pharmaceutical packaging systems and medical devices. 
It has good mechanical and chemical properties, good bio-
compatibility, good resistance to heat sterilization, and can 
be recycled relatively easily [28]. PP resin pellets (Polypro-
pylene Plastic Resin Pellets Natural Injection Molding PP Im-
pact co-polymer, Flint Hills Resources Lot. No. AP61123-HS) 
were used for this study at a ratio of 1 gram of resin to 10 mL 
of extraction solvent. The PP resin shows very little (almost 
negligible) swelling in IPA and moderate observable swelling 
for cHex and DCM (Tables 3–4). 
The major extractables for all solvents and conditions were 
different chain length saturated and unsaturated (a single 
double bond is the most common) hydrocarbon species and 
an Irgafos-168 degradation product, 2,4 di-tert-butyl-phenol, 

Table 5.  Summary of the identified extractable species

Identified 
Extractable

Calculated 
Log P

USP <1663> 
Identification Category

PP resin

Hydrocabons C11-C33 range 5.6 - 16.0 confirmed or confident

2,4 di-tertbutyl-phenol 4.9 confirmed

PBT Xenoy resin

Acetophenone 1.6 confirmed

2,6 di-tertbutyl-phenol 4.9 confirmed

Dodecyl alcohol 5.1 confirmed

4-cumylphenol 3.7 confirmed

4-cumylphenol oxidation product 3.6 confident

Bisphenol A 3.3 confirmed

Fluorotec coated chlorobutyl rubber septa

C13H24 butyl oligomer 6.2 confident

C13H23Cl chlorinated butyl oligomer 6.5 confident

C21H40 butyl oligomer 9.9 confident

BHT 5.3 confirmed

BHT-aldehyde 4.4 confirmed

Additionally multiple dozens additional extractable species were observed below the 0.5 µg/g in-polymer reporting limit (see 
Figure 9).



REVIEWS IN SEPARATION SCIENCES 11/19

Norwood D et al. Impact of the extraction conditions on different polymeric materials

 Reviews in Separation Sciences              Research Article 

which is a single “arm” loss of the Irgafos-168 (Irgafos-168 
was also detected; however, it was not reported because the 
level was below the 0.5 µg/mL reporting limit. Another com-
mon extractable detected below the reporting limit was the 
methyl ester of 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propano-
ic acid, a commonly reported volatile degradation product of 
Irganox 1010 [21]. The ester formation discussed in a sepa-
rate chapter also indicates the presence of Irganox 1010 in 
the polymer matrix. The results of the extraction study are 
summarized in Table 6. 
The sum of hydrocarbons includes saturated-alkane hydro-
carbons with chain lengths of C11– C33. The solubility of long-
chain hydrocarbons (above C=30) is higher than 5 mg/mL 
in each of the solvents. Therefore, the solubility and analyte 
saturation have minimal impact on the observed results, even 

for IPA. The solubility of the 2,6-di-tert-butyl-phenol is higher 
than 5 mg/mL in each of the solvents, as stock standards 
were prepared in each of the solvents at 5 mg/mL concentra-
tion, and no precipitation was observed. 
The data show that extraction solvents are not equivalent 
(as was expected); however, noticeable differences were ob-
served between the extraction techniques. The time to reach 
the asymptotic level of extractable analyte varied from 2 to 
120 hours, depending on the extraction technique. The oth-
er noticeable difference was the maximum observed level of 
extractables, which covered a relatively wide range for the 
different techniques and solvents. For example, the observed 
maximum level for 2,4 DTBP was in the range of 0.2–3.3 µg/
mL, and the hydrocarbon extractables were in the range of 
20–486 µg/mL. 

Table 6. Analytical results for polypropylene pellets

Solvent Sum of hydrocarbons 
in the extract (µg/mL)*

2,4 di-tertbutyl-phenol 
in the extract (µg/mL)

Pressurized Vessel Extraction end point @ 2 hours

IPA 19.8 ± 0.6 0.2 ± 0.01

cHEX 471.0 ± 9.2 1.0 ± 0.03

DCM 397.3 ± 2.6 1.6 ± 0.05

Reflux end point @ 24 hours

IPA 114.2 ± 2.2 1.2 ± 0.01

cHex 342.0 ± 4.1 1.1 ± 0.01

DCM 252.6 ± 0.6 1.1 ± 0.01

55°C shake en point @ 120 hours

IPA 30.5 ± 0.2 0.3 ± 0.04

cHex 377.2 ± 5.8 1.1 ± 0.01

DCM (28 hours) 484.8 ± 4.9 3.3 ± 0.01

Time (hours) to reach asymptotic level and concentration (µg/mL)

IPA pressure vessel 2 / 19.8 ± 0.6 1 / 0.2 ± 0.01

IPA reflux 24 / 114.2 ± 2.2 24 / 1.2 ± 0.01

IPA 55°C shake 120 / 30.5 ± 0.2 120 / 0.3 ± 0.004

cHex pressure vessel 1 / 471.0 ± 9.2 1 / 1.0 ± 0.03

cHex reflux 4 / 342.0 ± 4.1 24 / 1.1 ± 0.01

cHex 55°C shake 48 / 377.2 ± 5.8 48 / 1.1 ± 0.01

DCM pressure vessel 2 / 397.3 ± 2.6 2 / 1.6 ± 0.05

DCM reflux 24 / 252.6 ± 0.6 24 / 1.1 ± 0.01

DCM 55°C shake 28 / 484.8 ± 4.9 28 / 3.3 ± 0.01

*Values presented in µg/mL unit with standard error.
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Figure 4. Reflux extraction time plots for PP resin, level of 2,4-di-tert-butyl-phenol.

Figure 4 shows that after 12 hours of reflux extraction, the 
2,4-DTBP level is close to the observed maximum for DCM 
and cHex. For isopropanol, the observed concentration is at 
70% of the maximum after 12 hours. Based on these data 
for the PP resin, IPA is the least effective solvent, and this 
observation aligned with the fact that the IPA swelled the 
resin the least (lowest % of swelling). Shaking with elevat-
ed temperature takes the longest time to reach equilibrium. 
However, some of the solvent and extraction conditions com-
promised the integrity of the polymer. In some cases, those 
aggressive conditions cannot be used for evaluation (e.g., 
cHex with pressure vessel). Even with specialized extraction 
vessels (Figure 3A), the extraction temperature should be 
below the boiling points of the solvents; otherwise, the loss of 
volatile analytes is possible. Therefore, it is necessary to use 
the lowest possible temperature to minimize the loss of vola-
tile species without negatively impacting the extraction time. 
Below the boiling point of the extraction solvents, shaking is 
an easily executable solution. In contrast, the pressurized 
vessel is a low-cost alternative to ASE (accelerated solvent 
extraction) and provides results in a timely manner. 

3.5 Analytical results for PBT Xenoy resin
PBT Xenoy resin pellets (PBT Xenoy 6370 polycarbon-
ate-polybutylene terephthalate glass-fiber reinforced black 
pellets) were used for this study at 1 gram of resin to 10 mL 
of solvent, similar to what was used for the PP resin and 

chlorobutyl rubber. The PBT resin showed very little (almost 
negligible) swelling in the solvents. This is important for the 
pressure vessel method, as all the solvents were recoverable 
even after 18 hours of extraction. Therefore, data collected 
after 18 hours in the pressure vessel are presented for the 
PBT resin. The major extractable for all the solvents and all 
the conditions was 4-cumylphenol. The major use of 4-cumyl-
phenol is a chain terminator for polycarbonates and other 
phenolic resins; detecting this compound as an extractable 
is somewhat expected [29]. The other abundant extractable 
was identified as 1-dodecanol (lauryl alcohol), often used as 
a lubricant or defoaming agent in polymer synthesis process-
es. Representative total ion chromatograms (TICs) for DCM 
and IPA extraction solvents are presented in Figure 5, show-
ing significant differences between these two solvents.
Figure 6 shows that the observed level of 4-cumylphenol 
was highest when DCM was used for the extraction, and the 
asymptotic level was reached in about 2 hours in the pres-
surized vessel, while over 8 hours of reflux extraction was 
required to approach equilibrium. Other solvents required 
significantly longer extraction times to reach equilibrium or to 
approach the levels observed in the DCM extracts. The logP 
of the different observed extractables are presented in Ta-
ble 4 and show that acetophenone has the lowest logP. The 
logP values may play an important role when an extraction 
study is designed for a particular analyte. For an extractable 
with a lower logP value, higher levels may be observed in 
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polar solvents than in apolar solvents. IPA is a more effec-
tive extraction media for acetophenone for all the extraction 
techniques than cHex, which is a non-polar solvent (Table 
7). Overall, DCM extracted the highest levels of extractable 
compounds.
The level of observed BPA was consistently highest when 
pressurized vessel extraction was used. The pressurized 
vessel uses high temperatures, accelerating the extraction 
process; however, this condition also contributes to form-
ing a known polymer degradation product, associated with 
polycarbonate. BPA was observed at much lower levels in 
reflux extraction and shaking conditions. This observation 
highlights the importance of using the proper extraction con-
ditions for specific polymers to avoid falsely reporting high 
levels of an extractable that could instead be a by-product 
of the extraction process. The results of this extraction study 
are summarized in Table 7. 

3.6 Analytical results for chlorobutyl rubber septa
Chlorobutyl rubber is one of the most commonly used pack-
aging materials for closure systems, as it is inert and an 
excellent barrier to oxygen and moisture. Sterilized chlo-
robutyl rubber grey septa (West 4432/50 coated with BH2-
40 and Flurotec (P/N 19700022 WPS S10-F451 4432/50G 
B2-40WESTARRS1M/PK)) were used for the study. The rub-

ber elastomer shows very little (almost negligible) swelling in 
IPA and a high degree of swelling in cHex and DCM (Table 
3). The observed swelling for the intact PTFE-coated stop-
per was 31.7% for cHex and 21.4 % for DCM. The swelling 
had a high impact on the solvent recovery for the pressurized 
vessel extraction: the rubber elastomer absorbed the entire 
volume of both DCM and cHex at the 18-hour time point. 
Because no solvent was recovered, the pressure vessel ex-
traction results are presented for only 2 hours of extraction. 
The two primary extractables for all the solvents and all the 
conditions were the C21H40 butyl oligomer and BHT. Data for 
the two primary extractables and three more observed ex-
tractables are presented in Table 8.
Figure 7 shows that for DCM and cHex extraction solvents, 
the BHT and C21H40 butyl oligomer levels reach the maximum 
observed concentration after 8 hours of reflux extraction, 
while for IPA, the observed levels are much lower, and the 
rate of extraction is much slower. The slower extraction rate 
and the lower observed levels of IPA make it difficult to jus-
tify using IPA as the only extraction solvent to mimic apolar 
drug formulations (i.e., lipids, highly organic emulsions, and 
polymeric excipients). IPA is a good and justifiable solvent 
to simulate the extraction power associated with polar drug 
formulations or when the formulation contains ethanol or iso-
propanol as the excipient.

Figure 5. GC-MS TIC chromatograms of PBT resin extractions. Top trace: IPA solvent, reflux @ 8 hours. Bottom trace: DCM 
solvent shaking @ 24 hours. 
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Figure 8 summarizes the extraction techniques for the C21 
butyl oligomer and BHT. cHex provided the narrowest distri-
bution of observed levels of the three extraction techniques, 
and IPA resulted in the lowest observed levels compared to 
DCM and cHex.

3.7 Impact of the analytical evaluation threshold (AET) 
level for the number of extractable species

It is well known amongst laboratories, engaged with E&L as-
sessments that lowering the analytical evaluation threshold 
(AET) for the study results in a larger number of extractable 
analytes to be reported. This phenomenon has become a 
more significant issue for the E&L industry with the raised 
demands for testing large volumes of parenterals with asso-
ciated low AET levels. Multiple graphical representations of 
the lower AET impact have been presented [30], providing a 

Figure 6. Extraction time plots for PBT resin, for 4-cumylphenol using pressurized vessel and reflux.

Figure 7. Extraction time plots for chlorobutyl rubber elastomer, for BHT and C21 rubber oligomer (C21H40) using reflux extraction.
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Figure 8. Observed levels in µg/mL for BHT and C21 rubber oligomer for the extraction techniques used in the study.

Figure 9. Impact of the AET level for the number of identified extractables for different resins. (AET was calculated based on 
polymer weight e.g. µg of analyte in a gram of polymer).
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good summary of the issue. However, it is very difficult to find 
data related to this challenge. The low AET is associated with 
multiple challenges for laboratories, and in extreme cases, 
the level of evaluation can be below the detection capability 
of the analytical system. Beyond a few extreme cases (which 
can be managed using a state-of-the-art resource-consum-
ing sample preparation), the underlying issue is that those 
low-level peaks show a high spectral background [31], mak-
ing them difficult to identify. The graphical plot in Figure 9 
shows the number of peaks present at or above the AET lev-
el for the three materials evaluated in this study using DCM 
as an extraction solvent. All three materials showed a similar 
trend when the AET level was reduced from 10 µg/g to 0.1 

µg/g level (100 fold): the number of peaks increased 6.8 fold 
for the PP resin and 11.5 fold for the rubber stopper.

4.0. Conclusion
Overall, this study provides another view into the complexi-
ty of extractable studies. The successful execution of these 
studies requires appropriate design, with solvent selec-
tion and extraction conditions among the critical aspects.
Data from different polymeric materials were generated us-
ing different extraction solvents and extraction techniques 
focused on GC-MS-amenable volatile and semi-volatile ex-
tractables. The data show that the time required to reach 
asymptotic levels differs for each solvent and extraction tech-

Table 8. Analytical results summary for chlorobutyl rubber elastomer

Solvent
C13H24 oligomer 
in the extract 

(µg/mL)

C13H23Cl 
oligomer in the 

extract 
(µg/mL)

C21H40 oligomer 
in the extract 

(µg/mL)

BHT 
in the extract 

(µg/mL)

BHT-aldehyde 
in the extract 

(µg/mL)

Pressurized Vessel Extraction end point @ 2 hours

IPA 0.1 ±±0.025 0.2 ±±0.004 2.4 ±±0.06 2.4 ±±0.05 below LOD

Chex 4.2 ±±0.17 3.5 ±±0.14 126.1 ±±3.8 65.4 ±±1.8 below LOD

DCM (2 hours) 6.7 ±±0.13 5.5 ±±0.1 193.4 ±±5.8 125.3 ±±3.0 0.2 ±±0.01

Reflux end point @ 24 hours

IPA 1.3 ±±0.02 1.3 ±±0.02 18.3 ±±0.32 29.2 ±±0.35 below LOD

cHex 3.2 ±±0.01 3.0 ±±0.04 106 ±±1.4 60.3 ±±0.57 below LOD

DCM 4.0 ±±0.06 3.2 ±±0.05 103 ±±1.2 72.4 ±±0.96 below LOD

55 °C shake end point @ 120 hours

IPA 1.2 ±±0.02 1.2 ±±0.01 18.2 ±±0.31 21.4 ±±0.16 below LOD

cHex 3.8 ±±0.16 3.4 ±±0.12 99.6 ±±2.3 54.0 ±±1.32 below LOD

DCM (28 hours) 10.5 ±±0.11 9.9 ±±0.15 257.2 ±±5.2 182.9 ±±2.51 0.6 ±±0.001

Time (hours) for asymptotic level and concentration (µg/mL)

IPA pressure vessel 2 / 0.1 ±±0.025 2 / 0.2 ±±0.004 2 / 2.4 ±±0.06 2 / 2.4 ±±0.05 2 / below LOD

IPA reflux 24 / 1.3 ±±0.02 24 / 1.3 ±±0.02 24 / 18.3 ±±0.32 24 / 29.2 ±±0.35 24 / below LOD

IPA 55°C shake 120 / 1.2 ±±0.02 120 / 1.2 ±±0.01 120 / 18.2 ±±0.31 120 / 21.4 ±±0.16 120 / below LOD

cHex pressure vessel 2 / 4.2 ±±0.17 2 / 3.5 ±±0.14 2 / 126.1 ±±3.8 2 / 65.4 ±±1.8 2 / below LOD

cHex reflux 24 / 3.2 ±±0.01 24 / 3.0 ±±0.04 24 / 106 ±±1.4 24 / 60.3 ±±0.57 24 / below LOD

cHex 55°C shake 120 / 3.8 ±±0.16 120 / 3.4 ±±0.12 120 / 99.6 ±±2.3 120 / 54.0 ±±1.32 120 / below LOD

DCM pressure vessel 2 / 6.7 ±±0.13 2 / 5.5 ±±0.1 2 / 193.4 ±±5.8 2 / 125.3 ±±3.0 2 / 0.2 ±±0.01

DCM reflux 24 / 4.0 ±±0.06 24 / 3.2 ±±0.05 24 / 103 ±±1.2 24 / 72.4 ±±0.96 24 / below LOD

DCM 55°C shake 28 / 10.5 ±±0.11 28 / 9.9 ±±0.15 28 / 257.2 ±±5.2 28 / 182.9 ±±2.51 28 / 0.6 ±±0.001

Values presented in µg/mL unit with standard error
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nique. This observation correlates with a study published 
earlier [13], where data have been provided for a different 
polymer using various extraction techniques from different lab-
oratories. Based on this limited data, solvents and extraction 
techniques are not equivalent, and extraction techniques 
and conditions for each solvent need some optimization. 
These data also allow us to conclude that pressurized ves-
sel extraction requires the shortest extraction time, which is 
useful for laboratories where many extractions have to be 
performed in a short time. However, due to the high pressure 
and temperature settings, the level of unwanted degradation 
products may be elevated compared to other techniques. 
These data also show a reasonable correlation between the 
solvent swelling capability and its extraction efficiency but 
found only a weak correlation between the dielectric con-
stant and the extraction efficiency of the solvents. This paper 
presents data illustrating the limitations of ethanol and meth-
anol as extraction solvents due to the formation of ethyl and 
methyl esters. As expected, the results of this study show 
differences in volatile extractables between the extraction 
solvents, and significant differences were also observed be-
tween the extraction techniques. It is challenging to draw a 
general conclusion or recommend a standardized test based 
on this data. This study suggests that a science-based “fit 
for purpose” approach for standardized testing rather than 
a “one size fits all” strategy needs to be implemented.
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