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ABSTRACT

This thesis aimed to develop miniaturized sample preparation techniques for the
determination of phthalate esters. To achieve this goal, two sub-projects were carried
out. The first sub-project is the preliminary study of the extraction of benzyl butyl
phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP) by a silver-incorporated
polyaniline film pencil lead SPME fiber (Ag/PANI SPME fiber). This fiber was used
to extract trace phthalate esters and thermally desorbed at an injection port of a gas
chromatograph coupled with an electron capture detector (GC-ECD). Under the
optimum conditions, linearities of the determination of two phthalate esters, BBP and
DEHP, were in the range of 0.05-5.00 mg L' and 0.25-5.00 mg L' and limits of
detection of 0.030 and 0.24 mg L™! were also obtained for BBP and DEHP, respectively.
A high preconcentration factor and satisfactory recoveries were achieved. This study
indicated that the developed polyaniline/pencil lead SPME fiber can be used to extract
BBP and DEHP. In the second sub-project, based on the results obtained and the
problem found from the first sub-project, the size of the pencil lead used was enlarged
to increase the sample loading capacity and to improve the robustness and the
portability of the extraction technique. A screw-based portable and simple solid phase
microextraction device constructed with a 3D printer was developed. The scanning
electron microscope revealed the porous structure of the electrodeposited Ag/PANI
film, and X-ray diffraction confirmed the presence of silver in the porous polymer film.
The fiber was used to extract trace quantities of phthalate esters. The compounds of
interest were dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate
(DBP), benzyl butyl phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP). The

extracted solution was identified and quantified by a gas chromatograph equipped with



viii

a flame ionization detector (GC-FID). Under the optimum conditions of the developed
method, a good linearity was obtained in a concentration range from 5.0 to 1.0x10°
ug L~ for all five phthalate esters with limits of detection (LODs) of 4.41+0.91 pg L™
for DMP, 3.98+0.92 pg L™! for DEP, 3.65+0.74 ng L™' for DBP, 4.91+0.52 ug L' for
BBP and 4.25+0.66 pg L™! for DEHP. The developed method provided good precision
when tested with standard solutions (RSD < 5.5%, n=6) and real samples (RSD < 3.4%,
n=6). Good fiber-to-fiber reproducibility was also confirmed by extraction with six
prepared fibers: recoveries ranged from 81.09+0.54% to 92.92+0.46%, RSD < 6.6%
(n=6). The developed method was used to determine phthalate esters in 14
cosmeceutical samples. In rubbing alcohol, DEP and DEHP were detected at the
concentrations of 7.03+0.76 ug L™ and 5.89+0.53 ug L', respectively, while in contact
lens cleaner samples, DEHP was found in a concentration range from 5.3+1.1 ug L' to
6.8+1.2 nug L. No contamination was found in saline solution, eye cleaner and
antibacterial disinfectant liquid samples. Recoveries in the range of 81.92+0.99% to
102.441.1% indicated the good accuracy of the developed method. It was expected that
the developed method would also be applicable for the extraction and determination of

other organic compounds.
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THE RELEVANCE OF THE RESEARCH WORK TO THAILAND

The purpose of this Master of Science Thesis in Chemistry (Analytical
Chemistry) is to develop simple miniaturized sample preparation techniques, including
evaluation of their performances, for the determination of phthalate esters. Two sub-
projects were investigated as follow. Sub-project I: a polyaniline/pencil lead solid phase
microextractor for trace phthalate esters. Sub-project II: a simple 3D printed-screw-
based solid phase microextraction device with a silver decorated polyaniline pencil lead
fiber for the extraction of phthalate esters in cosmeceutical products. These developed
methods provide high efficiency for the extraction of target analytes. They can be
applied for the quantitative analysis of trace phthalate esters in cosmeceutical products
which are easy and portable. Moreover, the developed the method can be used as
alternative sorbents in various governmental organizations and private sectors in

Thailand.
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1. Introduction

1.1 Background and Rationale

Phthalates or phthalate esters (PAEs) are esters of phthalic acid, which are a
class of compounds that can increase the flexibility of plastics through weak secondary
molecular interactions with polymer chains. They are used as a plasticizer in about 80-
85% to produce plastic containers of several personal-care products and some
medications in the worldwide market, such as cosmetics, shampoos, soaps, rubbing
alcohol and saline solution (Gari ef al., 2019; Lenoir et al., 2007 and Guo and Kannan,
2012). There is no covalent bond between the PAEs and plastics, it can easily leach
from plastic packaging into food and cosmeceutical products that they come into
contact with (Chang et al., 2019; Liu et al., 2008; Balafas et al., 1999). Several
phthalate esters were included in the list of concerned chemicals by the United States
Environmental Protection Agency (US EPA) (US EPA, 1988, 2002a, 2002b, 2009)
since they can cause the allergies, endocrine disorders and alterations in the
reproductive system (Weiss et al., 2018; Tickner et al., 2001; Arcadi et al., 1998).
Examples are dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate
(DBP), benzyl butyl phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP) (Figure 1)
(US EPA, 1988, 2002a, 2002b). In addition, DEHP has been classified as ‘possibly
carcinogenic to humans’ but there is no conclusive evidence that any phthalates cause
cancer.

The toxicity of phthalate esters was studied in many cases. Phthalate esters
belong to the group of endocrine disrupters (Arbuckle et al., 2018; Frederiksen et al.,
2007), which have been shown to affect the male reproductive system in animal studies.
To write the risk, US EPA has set reference doses (RfDs) for phthalate esters such as
DMP, DEP, DBP, BBP and DEHP (US EPA, 1988, 2002a, 2002b). RfDs are an
estimate of the daily exposure that is likely to have no appreciable risk of deleterious
effects during a lifetime in human. However, a recent study shows that the phthalate
esters include DEHP, DBP and BBP (US FDA, 2012; Petrovi¢ et al., 2001; Tickner et
al.,2001; Arcadi et al., 1998) have been classified as toxic to reproduction, and animal
studies have now shown that the endocrine disrupting properties of these phthalate
esters are what cause the damage to reproduction (Arbuckle et al., 2018; Liao et al.,

2018). In addition, some recent studies indicate a relation between prenatal exposure to



phthalate esters and low intelligence quotient (IQ) of school age children whose mother
has elevated trace of phthalate esters; these children had an average 1Q around six points
below their peers whose mother has lower level of phthalate esters exposure (Kim et
al.,2017; Factor-Litvak et al., 2014). These evidences confirmed that the determination

of contaminated phthalate esters is extremely important.

/CH3
? 0 0
8 O/\CH3 O/\/\CHg
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O\CH3 O 0

Dimethyl phthalate Diethyl phthalate Dibutyl phthalate
(DMP) (DEP) (DBP)
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0] @] CH3

Benzyl butyl phthalate Di-2-ethylhexyl phthalate
(BBP) (DEHP)

Figure 1 The chemical structure of phthalate esters molecule

There are several conventional methods used for the determination of phthalate
esters such as high performance liquid chromatography (HPLC) and gas
chromatography (GC). But GC coupled with electron capture detector (GC-ECD) has
been defined by the United States Environmental Protection Agency (US EPA) as a
standard method for the determination PAEs e.g., EPA Method 606, EPA Method
8061A because of their sensitivity and good selectivity (Jaworek et al., 2014).
However, the amount of the leached phthalate esters is lower than the limits of detection
(LODs) of the analytical instrument, sample preparation is one of the most important
steps for preconcentration of the analytes into the level that can be reliable determined

by the appropriate instrument (Makkliang ef al., 2017; Liu et al., 2008; Kueseng et al.,



2007). Examples are liquid-liquid extraction (LLE) (Wang et al., 2019), solid-phase
extraction (Puoci et al., 2008; Yongfeng et al., 2012; Kueseng et al., 2010. These
techniques require large amount of organic solvent that waste subsequently is released
to the environment. Thus, miniaturized sample preparation techniques are of interest.
Examples are ultrasonic-assisted extraction (UAE) or ultrasonic extraction (UE)
(Chemat et al., 2017), dispersive liquid liquid microextraction (DLLME) (Montevecchi
et al., 2017; Perez-Outeiral et al., 2016; Vinas et al., 2015; Farajzadeh and
Khoshmaram 2015; Kanchanamayoon et al., 2012), micro-solid phase extraction
(u-SPE) (Sajid et al., 2016; Guo and Lee, 2013), solid phase microextraction (Liu et
al., 2014), stir-bar sorptive extraction (Prieto et al., 2010; Xu et al., 2011; Hu et al.,
2010) and magnetic solid phase extraction (Xu ef al., 2016; Liu et al., 2015).

A combination of miniaturization and cost-effective sample preparations that
have capability to preconcentrate trace amount of contaminants is an interesting
approach. This work thus reports the development of miniaturized sample preparation
techniques based on the use of pencil lead as a microextractor for the determination of
trace phthalate esters. The extraction capability of silver-incorporated polyaniline film
pencil lead sorbent was first evaluated as a preliminary experiment and the analysis was
performed using a gas chromatograph coupled with an electron capture detector (GC-
ECD). Surface characterization, optimization of adsorption and desorption times and
reusability of the SPME fiber were studied. The results indicated that the proposed
pencil lead microextractor is capable to extract BBP and DEHP (Paper I).

Although the results from the preliminary test showed a good promising of the
developed SPME fiber but the fiber must be conditioned at the GC injection port at
180°C under a carrier gas stream for 2 h before use. So, it takes a long time before
extraction resulting in a need to improve the extraction process to be easier to use and
conveniently lead to the development of a simple 3D printing screw-based solid phase
microextraction (SPME) device in the second part of this work (Paper II). The device
was used for the extraction of DMP, DEP, DBP, BBP and DEHP. Parameters that have
an effect on the extraction efficiency of the SPME fiber were optimized. Its analytical
performances were studied and the method was validated before it was applied for the

determination of trace phthalate esters in cosmeceutical products.



1.2 Objective

To develop miniaturized sample preparation techniques for extraction of
phthalate esters based on the use of silver-incorporated polyaniline nanoporous film
pencil lead as a microextraction devices. To achieve this goal, two sub-projects were
carried out as follow.

Project I: A polyaniline/pencil lead solid phase microextractor for trace
phthalate esters

Project II: A simple 3D printed- screw-based solid phase microextraction
device with a silver decorated polyaniline pencil lead fiber for the extraction of

phthalate esters in cosmeceutical products

2. Analytical methods for phthalate esters determination
It was necessary to employ a sensitive and selective analytical method for the
determination of trace organic contaminants. The most widely used techniques for the

determination of phthalate esters are HPLC and GC.

2.1 High performance liquid chromatography (HPLC)

HPLC is basically a highly improved form of column liquid chromatography
that analyzes non-volatile organic compounds (high molecular weight compounds). An
HPLC system is shown in Figure 2. HPLC is an analysis method that yields high
performance and high speed compared with traditional column chromatography
because of the pumped mobile phase. The speed of the migrating sample component
depends on whether the component has an affinity for the stationary or mobile phase.
This affinity is caused by various actions such as adsorption, partition, ion exchange,
etc. HPLC can be used with different detectors, such as diode array detector (DAD),

fluorescence detector (FLD) and mass spectrometer (MS).
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Figure 2 Schematic of an HPLC system

2.2 Gas chromatography (GC)

GC is a technique that typically analyzes volatile (VOCs) and semi-volatile
organic compounds (SVOCs) specifically. A GC system is shown in Figure 3. The
ability to quickly separate large compound groups with high resolution provides a
definite advantage when analyzing complex samples. GC can be used with different
detectors, such as flame ionization detector (FID), electron capture detector (ECD),

mass spectrometer (MS) for the determination of VOCs and SVOCs.
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Figure 3 Schematic of a GC system



GC is one of the most suitable analytical methods for phthalate esters analysis
(US EPA, 1984, 1996), and this method is recommended by US EPA as a standard
method. Therefore, GC was employed in this thesis (Papers I and II)

3. Miniaturized sample preparation techniques

The miniaturization of the sample preparation techniques attempts to reduce the
amount of sample, solvent and reagents consumed and wastes generated during the
extraction process, as well as to decrease the cost and to enhance the portability. Several
miniaturized sample preparation techniques have been reported such as ultrasonic
extraction (UE), dispersive liquid-liquid microextraction (DLLME), micro-solid phase
extraction (u-SPE), solid phase microextraction (SPME) and stir-bar sorptive

extraction (SBSE). Principles of these miniaturized extraction techniques are discussed.

3.1 Ultrasonic extraction

Ultrasonic extraction (UE) is a popular technique due to its advantages
compared with other conventional techniques. The UE uses ultrasonic waves at high
intensities that propagate into the liquid media resulting in alternating compression and

reduction cycles, with rates depending on the frequency (Figure 4).

Ultrasonic wave

Sample solution Ultrasonic extraction

Figure 4 Ultrasonic extraction procedure

The UE has been proven to be a very useful tool for reinforcing the mass transfer
process and breaking the affinity between the adsorbed analytes and the adsorbent
(Tong at et., 2019). Thus, this method has been employed for the primary extraction of

target compounds from a variety of matrices (Staple, 2003). The advantages of



ultrasonic extraction are the lower volume of organic solvent required, shortened

extraction time, and increased extraction efficiency (Ozer et al., 2017).

3.2 Dispersive liquid-liquid microextraction

Dispersive liquid-liquid microextraction (DLLME) was introduced by Rezaee
and co-workers in 2006 (Rezaee et al., 2006). DLLME is based on formation of tiny
droplets of the extraction solvent in the sample solution (Figure 5) by a rapid injection
of a water immiscible organic solvent (extractant) dissolved in a water-miscible organic
solvent and the latter acts as a dispersing medium. Extraction of the analytes from
aqueous medium into the dispersed organic droplets takes place very rapidly. Thus, the
extraction equilibrium is obtained rapidly. The advantages of DLLME are the use of
small volume of organic solvents, simplicity of the operation, rapidity and high
enrichment factor. Moreover, DLLME has been successfully used for the determination

of several environmental hazardous compounds.

guse Withdrawal
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Figure 5 Schematic of a dispersive liquid-liquid microextraction



3.3 Micro-solid phase extraction

Micro-solid phase extraction (u-SPE) has been recently developed and become
very popular in a very short time. pu-SPE was first proposed by Basheer and co-workers
in 2006 (Basheer et al., 2006; Wang et al., 2014). The technique is based on the holding
of the adsorbent materials in a protective membrane, in which polypropylene (PP) is
the most commonly used (Figure 6). Analytes diffuse freely through the membrane’s
pore and are retained by the solid sorbent/acceptor phase, whereas the diffusion of other

components in the sample is hampered by the membrane.

Heat sealed

adsorbent

Polypropylene membrane

Figure 6 Schematic of a polypropylene membrane in p-SPE

3.4 Stir bar sorptive extraction

Stir bar sorptive extraction (SBSE) is based on the partitioning of target analytes
between the sample (mainly aqueous-based liquid samples) and a stationary phase-
coated magnetic stir bar (Figure 7). SBSE was introduced by Baltussen and co-workers
in 1999 for the trace enrichment of organic compounds from aqueous food, biological
and environmental samples (Baltussen et al., 1999). A stir bar is coated with sorbent
and immersed in the sample to extract the analyte from solution. Polydimethylsiloxane
(PDMS) polymeric phase is the most widely used in SBSE (Aparicio et al., 2017; Si et
al., 2016; Serodio and Nogueira, 2006). The main problem of the conventional stir bar
is that the sorbent used was coated on the surface and it is directly contacted with the
bottom surface of the container during the extraction process resulting in the damage
and the loss of sorbent and this leads to the decrease in the extraction efficiency as well

as the reusability of the stir bar (Si et al., 2016).



Figure 7 Schematic of an SBSE for the extraction of analytes

3.5 Magnetic solid phase extraction

Magnetic solid phase extraction (MSPE) has also been developed for the
extraction and preconcentration of organic compounds (Tolmacheva et al., 2016; Ibarra
etal.,2011; Rodriguez et al., 2010). MSPE technique is based on the use of a magnetic
sorbent added into the solution containing the target analytes. Under the stirring, the
analytes adsorbed on the surface of a magnetic sorbent. After extraction, the analytes
were desorbed from a magnetic sorbent with appropriate organic solvents and can be
easily separated by an external magnet without centrifugation or filtration of the sample
(Ibarra et al., 2015) as shown in Figure 8 (Makkliang ef al., 2015). This technique has
been used for the extraction and preconcentration of target analytes from different
matrices due to its simplicity, short extraction time, low consumption of organic

solvents and high extraction efficiency (Sha et al., 2015).
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Figure 8 Schematic of the MSPE procedure for the adsorption and the desorption of

analytes

3.6 Solid phase microextraction

Solid phase microextraction (SPME) technique has been widely used for the
analysis of environmental pollutants and it was developed by Arthur and Pawliszyn
(Arthur and Pawliszyn, 1990; Pawliszyn, 1997). Target analytes are extracted and
preconcentrated simultaneously on a coated fiber. Its principle is based on the partition
of analytes between sample solution and the coated fiber phase (Ouyang and Pawliszyn,
2008) It has been proven very useful for the analysis of a variety of contaminants in the
environment, including volatile organic compounds (VOCs), semi-volatile organic
compounds (SVOCs), pesticides and herbicides (Grafit et al., 2018; Krutz et al., 2003).
SPME can be performed either as headspace-solid phase microextraction (HS-SPME)
or direct immersion-solid phase microextraction (DI-SPME) (Figure 9). In spite of the
wide application of SPME, the weakest aspects of SPME are fragility, low sample

loading capacity, carry over effect and the expensive cost of the fiber.
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Figure 9 Schematic of a solid phase microextraction

To overcome of this drawback, we developed a novel solid phase
microextraction device by the electrodeposition of silver-incorporated polyaniline
(Ag/PAN]) film on to the pencil lead graphite fiber for trace phthalate ester extraction
and then inserted directly into the GC injector after extraction for thermal desorption
(Paper I) and analysis with GC-ECD. This study shows the possibility and capability
of the prepared Ag/PANI pencil lead SPME fiber for the extraction of BBP and DEHP.
This cost effective and easy-to-prepare Ag/PANI pencil lead SPME fiber was
successfully applied for the extraction of phthalate esters. In addition, the prepared fiber
was reusable. Further investigation of some extraction parameters would lead to further
improvement to make it more applicable for real sample analysis.

In order to increase the sample loading capacity, the size of a pencil lead used
was increased. And to improve the extraction process to be simpler, more robust and
more portable, the screw-based solid phase microextraction (SPME) device was
constructed by a 3D printer (Paper II) and was efficiently applied for the determination

of phthalate esters in cosmeceutical products.
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3.7 Fiber core for solid phase microextraction

Generally, thermal (Paper I) or solvent desorption (Paper II) is used to desorb
analytes from SPME fiber for GC analysis, so the fiber should be chemically and
thermally stable. Accordingly, how to select the SPME fiber core should carefully be
taken into consideration. The commercial SPME fiber core is usually made from a
fused-silica fiber with a diameter of 0.55 mm, coated with a thin polymer film such as
polydimethylsiloxane (PDMS), carbowax (CAR), divinylbenzene (DVB) or
polyacrylate (Grafit et al., 2018; Gierak et al., 2006). This fused-silica fiber is fragile
and has the tendency to bend and break when in physical contact with solid materials
causing the fiber more expensive and less durable. Therefore, the seek of new kinds of
fiber core for SPME that is robust and applicable for both thermal and chemical
desorption is of interest.

Pencil lead is one of the best choices to be used as SPME fiber core since it has
good mechanical rigidity, good conductivity and is very low cost (Gherghel ez al., 2018;
Liu et al., 2014; Dossi et al., 2014). In addition, surface modification with appropriate
sorbent can be easily performed using an electrochemical technique (Papers I and IT).
Moreover, the electrochemical technique can control layers and porosity size of thin

film sorbent that coated on the pencil lead.

3.8 Coating materials for SPME fiber

3.8.1 Carbon nanomaterials

Carbon nanomaterials have long been applied in the development of analytical
techniques owing to their unique chemical properties such as good chemical stability
and high electrical conductivity (Wang et al., 2011; Li et al., 2019). Carbon
nanomaterials such as graphene, carbon nanotubes and fullerenes have been widely
used due to their strong adsorption ability towards target analytes via m-m interaction.

Graphene is one of the most interesting materials (Ali et al., 2019; Li et al.,
2015), can also form a strong m-rr stacking interaction with the carbon-based ring
structure. Its very high surface area, vast active sites, large delocalized m-electron
systems and good chemical stability make it appropriate to be used as an adsorbent

material for many contaminants in the environment (Cech et al., 2019).
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Carbon nanotubes (CNTs) can be divided into two types, which are single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTSs)
according to the carbon atom layers in the wall of nanotubes. CNTs have strong
interactions with some analytes, especially the aromatic compounds since the
hexagonal structure of carbon atoms in CNTs can exhibit a strong - interaction with
the benzene ring (Mohanta et al., 2019; Wang et al., 2011). In addition, they can adsorb
the analytes based on other weak interactions such as electrostatic forces, Van der
Waals forces and hydrophobic interactions after material modification. (Makkliang et
al., 2016; Fatoni et al., 2013).

Fullerenes is also known as buckminsterfullerene (Zhou et al., 2018). The first
fullerene was discovered in 1985 by Kroto and co-workers (Kroto et al., 1985) The
large curvature of the conjugated m-electron systems of these hollow spheres has
facilitated a rich chemical behavior allowing the synthesis of many different derivatives
thereby making the fullerene family a versatile building block of materials of

importance in physics, chemistry, and biology.

3.8.2 Conducting polymer

The number of synthesized conducting polymer has increased rapidly in the past
decades due to their potential applications in many fields. They can be easily
synthesized in both aqueous and non-aqueous media, by electrochemical or chemical
methods. Another advantage of conducting polymers is its stability in both air and
solution (Tang et al., 2012). In miniaturized sample preparation, conducting polymers
can be employed as sorbents due to their high surface area, ability to establish -1
interactions, excellent chemical, mechanical and thermal stability. Therefore, they are
able to extract aromatic compounds through the - interactions and polar analytes by
interactions of polar functional groups.

Polypyrrole (PPy) was one of the most popular conducting polymers used to
compose with several materials. PPy is generally synthesized by either chemical or
electrochemical means. Chemical synthesis is used when large quantity of material is
required and involves mixing a strong oxidizing agent with a monomer solution (Armes
1987; Duchet et al., 1998). It was applied to extract many groups of analytes, i.e., polar

and non-polar aromatic compounds, and anionic species. Whereas the electrochemical
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synthesis is more popular due to its small consumption of solvent. And surface
modification with appropriate sorbent using an electrochemical technique can be easily
performed and can control the layers coated on fiber.

Polyaniline (PANI) is one of the most useful conducting polymers due to its
good conductivity, environmental stability, facile synthesis, redox and pH switching
properties and low cost. Consequently, PANI is widely used for various applications in
many works (Li ef al., 2019; Bhadra et al., 2009; Wallace et al., 2009). The remarkable
properties of PANI have also made them a highly interesting materials in sample
preparation technique because PANI is particularly suited for adsorption between
phthalate esters and PANI by - interactions and hydrogen bonds (Papers I and II).
However, the sample loading capacity of PANI is still limited through its film formation
and the stability of a PANI thin film is somewhat poor (Konkol et al., 2016). Some
recent reports have mentioned that Ag, MnOz and RuO: can enhance the porosity of
PANI film (Prasad et a/., 2013; Kim et al., 2012). The incorporation of these metals or
metal oxides to the polymer structure may help increase the surface area and thus the

extraction efficiency (Sawangphruk et al., 2012).

4. Analytical performances and method validation
Common validation characteristics to be considered for the development of
analytical methods are linearity, limit of detection, limit of quantification,

reproducibility, reusability, precision, accuracy and effect of sample matrix.

4.1 Linear dynamic range

Linearity is the ability of the method to produce responses that are proportional
to the concentrations of the analyte in samples within the range of interest (working
range), also known as linear dynamic range. In this thesis, the linearity of the developed
SPME fiber for the determination of phthalate esters were from 5.0-1.0x10% ug L.
This developed method showed a wide linear range with a good coefficient of
determination (R? of 0.99) (Paper II). This linear range covered the concentration range
of target analytes present in real samples confirming that the developed method can be

applied for the determination of phthalate esters in cosmeceutical products.
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4.2 Limit of detection and limit of quantification

Limit of detection (LOD) is the lowest quantity or concentration of an analyte
that can be reliably detected with a given analytical method. And the limit of
quantification (LOQ) is established as the lowest concentration of an analyte in a
sample that can be quantitatively determined with acceptable precision and accuracy
under the optimum conditions of the method (Gary and Long, 1983).

According to the [UPAC recommendations, the limit of detection and the limit
of quantification were respectively estimated as the concentrations to 3-folds and 10-
folds of the standard deviation of 20 measurements of the blank divided by the slope of
the calibration curves (Gary and Long, 1983). LOD and LOQ can be calculated as

follows.

where Cy is the limit of detection (LOD) or limit of quantification (LOQ)
Sgis the standard deviation of the response from blank (20 times)
m is the slope of calibration curve
k is the number factor chosen according of the confidence level as
follows.
k =3 or 3o for the calculation of LOD
k =10 or 10c for the calculation of LOQ

Good analytical performance is indicated by the low values of LOD and LOQ
that can be used to determine trace level of target analytes with high accuracy and
reliability.

The obtained LOD and LOQ of the Ag/PANI SPME fiber for the extraction of
phthalate esters (Paper II) were better than the recommended values by the European
Union regulations (Table 1) (US EPA, 1988, 2002a, 2002b). Therefore, this method can
be applied to extract and determine the concentrations of phthalate esters in

cosmeceutical products.
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Table 1 LODs and LOQs of the Ag/PANI SPME fiber and the recommended maximum
contaminant level (MCL) values from the United States Environmental Protection

Agency (US EPA, 1988, 2002a, 2002b)

Phthalate esters LOD (ug L) LOQ (ug L™ MCL (ug L)
DMP 4.41+0.91 14.7+£3.0 -
DEP 3.98+0.92 13.3£3.1 -
DBP 3.65+0.74 12.2+£2.5 -
BBP 4.91+0.52 16.4+1.7 6.0
DEHP 4.25+0.66 14.2+£2.2 6.0
4.3 Reproducibility

Reproducibility of the fabrication procedure of the developed sorbent is
evaluated in two circumstances. One is to evaluate the reproducibility of the sorbents
prepared at the same time. The other is to evaluate the reproducibility of the sorbent
prepared at different times. It usually refers to the relative standard deviation (RSD). In
this thesis, the reproducibility of the preparation procedure of the solid phase
microextractor were investigated. The obtained RSDs were used to indicate the
acceptability, which depends on analyte concentration levels (AOAC, 2016).

The reproducibility of the preparation procedure for Ag/PANI pencil lead
SPME fiber was evaluated by preparing six batches of the SPME fibers (each with three
fibers). Then each fiber was used to extract 1.0 mg L™! standard solution containing the
five phthalate esters, followed by the analysis with GC-FID. The average extraction
recoveries obtained from the six batches for the five phthalate esters were within the
81-93% range with RSDs between 0.7-6.7%. These RSDs are better than the acceptable
value of 13% recommended by the AOAC (at the concentration of 1.0 mg L),
indicating that the Ag/PANI SPME fiber sorbent could be reproduced with a good
precision.

To further confirm the reproducibility when the fiber was used for the extraction
of real sample, another six batches of the SPME fiber were fabricated and applied to

extract phthalate esters in rubbing alcohol (selected sample). The extraction recoveries



17

from the six batches were within the range of 81-93% with RSDs between 0.7-2.6% for
the five phthalate esters. These recoveries and %RSD were also better than those
recommended by AOAC.

These results indicated an excellent reproducibility of the fabrication procedure
of the silver incorporated PANI SPME fiber even when it was used for the extraction
of target analytes in real sample matrix. In addition, the sample matrix has no effect to

the obtained recoveries.

4.4 Reusability

The reusability was investigated as the number of extraction cycles that the
Ag/PANI pencil lead SPME fiber can be reused. The obtained response from the first
extraction was set as 100%, then each of the sorbent was reused repeatedly with the
same extraction procedure until the obtained responses gave less RSD than that

recommended by AOAC (11 % at analyte concentration level of 1.0 mg L™).

In the first sub-project, the reusability was tested in only standard solution at the
concentration of 1.0 mg L' of phthalate esters (BBP and DEHP). Within the reusable
cycles, the average %response was in the range of 97.8 to 98.6% (RSD <3.0%) as
reported in Paper 1.

In the second sub-project, two circumstances were studied, which were standard
solution and spiked samples at the same concentration (1.0 mg L' mixed standard
solution of the five phthalate esters which are DMP, DEP, DBP, BBP and DEHP), as
reported in Paper II. With the standard solution, one fiber can be used up to 18 times.
The % responses average values of the five phthalate esters were in the range of 90-
94% and RSDs 2.3-4.8%. These values were much better than the accepted RSD
recommended by the AOAC. After 18 extraction cycles, the response decreased to less
than 90 %. This was most likely due to the structural deformation of the Ag/PANI, from
which some polymer could be seen strip off from the fiber core. For the spiked real
samples (rubbing alcohol), one fiber can be used up to 21 times with average %
responses in the range of 90-92% and RSDs 0.84-3.8%.

These two experiments revealed that the developed Ag/PANI SPME fiber
provided good repeatability even when it was used for the extraction of phthalate esters

in real samples indicating that the matrix in the sample did not affect the robustness of
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the Ag/PANI pencil lead SPME fiber since the numbers of reusability were in the same

range and the %responses were relatively stable during 18 and 21 extraction cycles.
These results also confirmed the cost-effectiveness of the fiber. The material

cost of one fiber was about 0.089 USD. As it can be reused 18 to 21 times, the cost for

one extraction cycle was reduced to only 0.0005 USD.

4.5 Precision

The precision of the developed method was investigated by analyzing the spiked
sample solution at various concentrations (six replications at each concentration, five
concentrations for one sample) and reported as the relative standard deviations (RSDs).

The relative standard deviations were calculated as follows.

RSDs = 100s/Xx
where s is standard deviation of sample

X is mean of sample

The precision of the method was evaluated by spiking standard phthalate esters
mixture at final concentrations of 0.050, 0.25, 0.50, 0.75 and 1.0 mg L"! into the rubbing
alcohol (six replications at each concentration) (Paper II). The extraction and the
analysis were performed under the optimal conditions. The RSDs of the recoveries for
the extraction of five phthalate esters at each spiked concentration ranged from 3.1 to
5.5 %, which were better than the AOAC RSD guideline values, 11% for 1.0 mg L.
That indicated good precision achieved with the analytical scheme using the developed
Ag/PANI pencil lead SPME fiber for the extraction of phthalate esters coupled to the
analysis by GC-FID.

4.6 Accuracy

The accuracy of the developed method was expressed in term of the percent
recovery. It was determined by comparing the concentration obtained from the spiked
sample and the standard solution. In this work (Paper II), the percent recovery was

calculated as follows.

Cs—Cy

(%) Recovery = (C—) x 100
a
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where C, is the calculated concentration of analyte added to the tested sample,
Cr is the concentration of the fortified

Cu is the concentration of the unfortified (AOAC, 2016)

The obtained recoveries were calculated from applying the Ag/PANI SPME
fiber for the extraction of spiked standard solution of DMP, DEP, DBP, BBP and DEHP
in each real samples at the concentrations of 0.0050, 0.050 0.25, 0.50 and 1.0 mg L.,
Good recoveries of the five phthalate esters were obtained within the range of 82-103%,
which were within the acceptable range as recommended by the AOAC (80-110%
recoveries at analyte concentration level of 100 to 1000 pug L') (AOAC 2016)

indicating good accuracy of the developed method.

4.7 Effect of sample matrix

The matrix effect was first evaluated (Paper II) by spiking standard solutions
of DMP, DEP, DBP, BBP and DEHP in the concentration range of 5.0 to 1000 pg L'
into each type of cosmeceutical product sample (matrix-matched standard solution).
Standard solutions of the analytes at the same concentration range were also prepared
in deionized water. Both sets were extracted and analyzed under the same conditions.
Matrix-matched and standard calibration curves were plotted between the average peak
area against their known concentrations. Their slopes were statistically compared by
two-way ANOVA (analysis of variance).

The slopes of the matrix-matched and the standard calibration plots for contact
lens cleaner and antibacterial disinfectant liquid samples were significantly different
(P<0.05), indicating a matrix effect. Therefore, the matrix-matched calibration plot was
used for quantitative analysis of these samples. For rubbing alcohol, saline solution and
eyes cleaner samples, there were no significant differences (P>0.05) between the slopes
of the two calibration plots, indicating no interferences from the sample matrix, and the

standard calibration plot was used for quantitative analysis of this group.

4.8 Analysis of real samples
To assess the applicability of the developed method, it was used to detect five
phthalate esters in 14 liquid samples (five sample groups) sold in plastic containers by

local supermarkets in Hat Yai, Thailand.
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DEP and DEHP were detected at 7.03+0.76 ng mL™! and 5.89+0.53 ng mL™,
respectively in one of the rubbing alcohol samples. DEHP was found at 5.3=1.1 ng
mL"! and 6.8+1.2 ng mL"! in two samples of contact lens cleaner solution. However,
these concentrations were still lower than the MCL of 6.0 ug L' for DEHP or within
the guideline values (US EPA, 1988). No phthalate esters were detectable in the
samples of saline solution, eye cleaner and antibacterial disinfectant liquid.

It is noteworthy that the samples contaminated with DEP and DEHP were
contained in plastic products. This is not surprising because these plasticizers are the
most widely used in the world (Mortula, 2019) and are added at a content of 40% by
weight during the production process (Crooker et al., 2013; Erythropel et al., 2014).

5. Concluding remarks

In this thesis, a novel solid phase micro-extractor using silver-incorporated
polyaniline film electrodeposited on a pencil lead was successfully developed for the
determination of phthalate esters in cosmeceutical products. Large surface area with
porous structure of the sorption phase can improve the adsorption capacity and
extraction efficiency for trace phthalate esters determination.

The results from the preliminary test indicated that the developed SPME device
can be used to extract BBP and DEHP with high preconcentration factor and
satisfactory recoveries but there were drawbacks of low sample loading capacity and
the requirement of long conditioning time at a GC injection port before it can be used.
So, the second sub-project in which the same material was used, larger size of the pencil
lead coupled with the desorption using solvent was used instead. In addition, a simple
3D printed-screw-base solid phase microextraction device was also designed to
improve the portability and the robustness of the extraction technique. With this
modification, the developed SPME device provided high extraction efficiency when
applied for the extraction of five phthalate esters in real samples. Extraction time was
about 50 min and the fiber can be reused at least 18 times (average recoveries of five
phthalate esters >90.4+3.8). Other advantages were simplicity and very low cost (0.089
USD per fiber, 0.0005 USD per extraction). Under the optimum conditions, LODs were
low, good precision and relative standard deviation for fiber-to-fiber reproducibility

was less than 6.6%. The recoveries and %RSD for the extraction of spiked real samples
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with five phthalate esters were in the acceptable range which indicated good accuracy
and precision of the method.

From all results obtained from the studies in this thesis, it was expected that the
developed Ag/PANI SPME fiber can also be an alternative extraction device for the
analysis of other phthalate esters or other aromatic compounds in various kinds of

samples.
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Abstraet:

A solid-phase microextraction (SPME) fiber was fabricated by electrodeposition of
silver-incorporated polyaniline film on a pencil lead core. This fiber was used to extract trace
phthalate esters and later thermally desorbed at an injection port of a gas chromatograph
coupled with an electron capture detector (GC-ECD). Under the optimum conditions,
linearity of two phthalate esters, benzyl butyl phthalate (BBP) and bis(2-ethylhexyl) phthalate
(DEHP) were in the range of 0.05-5.00 mg L™ and 0.25-5.00 mg L with a coefficient of
determination (R?) greater than 0.99. Limits of detection of 0.030 and 0.24 mg L™ and limits
of quantification of 0.10 and 0.79 mg L™ were obtained for BBP and DEHP, respectively.
The developed method was utilized for the simultaneous extraction ot spiked BBP and DEHP
in deionized water (1.0 mg L!). A high preconcentration factor and satisfactory recoveries
were achieved. This study indicated that the developed polyaniline/pencil lead SPME tiber
can be used to extract BBP and DEHP. Further optimization of the extraction and thermal
desorption conditions would make this sorbent applicable for the determination of phthalate
esters contaminated in food and environmental samples.

1. Introduction

Phthalate  esters  (PAEs) are
plasticizers, a class of compounds that can
increase the flexibility of plastics through
weak secondary molecular interactions with
polymer chains. Since there is no covalent
bond between PAEs and plastics, they can
easily leach from the plastic containers into
the food that come into contact with.!?
When exposed to PAEs in high level, it
poses an effect to human body such as
vertigo, nausea and vomit. It might also
cause cancer or affect the human
reproductive  system.>* Therefore, the
determination of PAEs contamination would
be beneficial for human health.

High performance liquid chromato-
graphy (HPLC) and gas chromatography
(GC) are the usual analytical techniques for
the analysis of PAEs. GC coupled with an

electron capture detector (GC-ECD) has
been recommended by the United States
Environmental Protection Agency as a
standard method.>® However, the amount of
PAEs contaminated in the samples is in
trace level and the direct injection of the
sample is not possible due to the complex
sample matrix. Hence, sample preparation
steps are needed to preconcentrate and
reduce the effect of interference in the
sample.”

An interesting sample preparation
technique is solid phase microextraction
(SPME) due to its simplicity and solvent-
free extraction process.® However,
commercially available SPME devices are
relatively expensive, fragile, and have low
sample capacity. This work investigated the
use of pencil lead based SPME fiber to
overcome the problems. Pencil lead has
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good mechanical rigidity and is very low
cost.? Surface modification with appropriate
sorbent can be easily performed using an
electrochemical technique.

Conducting polymers are often used
as sorbent in many sample preparation
techniques, out of which polyaniline (PANI)
is one of the most popular.!® It can be
prepared using either chemical
polymerization or direct electrodeposition
onto the surface of the substrate. In addition,
PANI is particularly suited for the
adsorption of PAEs because it can form
7 — 7 interaction and hydrogen bonding
with the target analytes.! However, the
sample loading capacity of PANI is still
limited through its film formation and the
stability of a PANI thin film is somewhat
poor. Nevertheless some recent reports have
mentioned that Ag, MnO;, RuO; can
enhance the porosity of PANT film.!%!? This
may help increase the surface area and thus,
the extraction efficiency.

Here in, we report the development
of a solid phase microextractor by
electrodepositing silver-incorporated poly-
aniline film onto the surface of a pencil lead
for trace phthalate esters detection by GC-
ECD.

2. Experiment
2.1 Materials

Pencil leads (type 2B, diameter
0.7 mm, length 60 mm) were from A.W.
Faber-Castell (Germany) Ltd. (Thuringia,
Germany). Aniline monomer (reagent grade,
99.0% purity) was from Sigma-Aldrich (St.
Louis, Missouri, USA). It was distilled prior
to use. H2SO4 were from Lab-Scan
(Bangkok, Thailand). H202 (30%), KMnOs4,
acetonitrile (HPLC grade) and ethyl acetate
were from Merck (Darmstadt, Germany).
Di-2-ethylhexyl phthalate (DEHP) (97%
purity) was  from  Fluka  (Buchs,
Switzerland). Benzyl butyl phthalate (BBP)
(99% purity) was from Sigma-Aldrich (St.
Louis, Missouri, USA). Acetone, ethanol
and methanol were from Lab-Scan
(Bangkok, Thailand). Ultrapure water was
from a maximum ultrapure water system
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(18.2 MQ.cm ELGA, England). All chemicals
used were of analytical grade.
2.2 Instruments

All analyses were performed using a
gas chromatograph (Shimadzu GC-14B)
equipped with an electron capture detector
(ECD) (Kyoto, Japan) and a packed column
of 3% OV-3 on Supelcoport, 100/120 mesh,
2.1 m x 3.2 mm i.d. (Bellefonte, USA). Data
processing was carried out with a N2000
Chromatography Data System (Surwit
Technology Inc., Hangzhou, China).

2.3 Optimization of GC-ECD

Operating conditions of the GC-ECD
system for the analysis of BBP and DEHP
were optimized, i.e., the carrier gas flow
rate, column, injector and detector
temperatures. The optimization was carried
out by varying one parameter at a time while
keeping the others constant. Five
replications of the analysis of 1.0 uL of 1.0
mg L' BBP and DEHP working standard
solution were performed for each tested
value. The optimum conditions were
obtained by considering the best resolution,
the highest response and the shortest
analysis time.

2.4 Preparation of pencil lead SPME fiber

A pencil lead was immersed in a
mixed solution of 30 mL of conc. H2S04 and
3.0 g of KMnOys. It was then washed in
sequence with 10 mL of H»0: (30%) (to
reduce Mn species), 10 mL of HCIl (to
remove Mn(II) ions) and 10 mL of water (to
remove HCl and other ions) and dried at
room temperature.

The Ag/PANI sorbent was electro-
deposited onto the pencil lead from a
solution containing 0.2 M aniline and
0.5 mM AgNOs in 0.2 M H>SO4. The three-
electrode system consisted of a pencil lead a
working electrode, a platinum wire counter
electrode, and a Ag/AgCl reference
electrode coupled to a potentiostat (ML 160,
AD Instruments, Australia) connected to a
computer, The electrodeposition was
performed with the potential intervals of
-0.2 to 0.8 V at a scan rate of 10 mV s, The
morphology of the as-prepared materials
was characterized by scanning electron
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microscopy (SEM) (JSM-5800LV, JEOL,
Massachusetts, USA). The Ag/PANI pencil
lead fiber was conditioned at the GC
injection port at 180 °C under a carrier gas
stream for 2 h to remove unreacted residue
on the fiber before use.

2.5 Adsorption and desorption
procedures
The adsorption procedure was

performed by immersing the pencil lead
2 mL of 1.0 mg L' of mixed standard
solution of BBP and DEHP in a 4 mL amber
vial. The mixture was stirred at 2000 rpm
for 30 min at room temperature, during this
time the analytes were adsorbed onto the
surface of the modified pencil lead fiber.
After that, the analytes were thermally
desorped at the GC injection port at 300 °C
under a carrier gas stream for 30 s (Figure 1).
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Figure 1. Schematic presentation of the
extraction and desorption procedures of the
Ag/PANI pencil lead SPME fiber for BBP
and DEHP determination

3. Results and Discussion
3.1 Optimization of the GC-ECD operating
conditions

The optimum conditions for the
determination of phthalate esters are
summarized in Table 1. The linear range,
limit of detection (LOD) and limit of
quantification (LOQ) were evaluated by the
TUPAC recommended method, as 3-fold and
10-fold multiples, respectively, of the
standard deviation of the ordinate intercept
divided by the slope of regression line
(So/b).  Under these conditions are
summarized in Table 2.

Table 1. Optimization of GC-ECD
conditions, investigated and optimum values

Parameter Investigated

values

Carrier gas flow rate (mL min™) 20, 30, 40, 50 30
Column temperature

Q Initial temperature (°C) 210, 220,230,240 230

Q Initial holding time (min) 3,4,5.6 3
O Ramp rate ("C min™) 5,10, 15,20 10
O Final temperature (“C) 270, 280, 290, 300 290
Q Final time (min) 2,3,4,5,6 2
Injector temperature ("C) 280, 290, 300 300
Detector temperature (°C) 280, 290, 300 290

Table 2. Analytical performances of GC-
ECD for the analysis of BBP and DEHP

Analyte Linear range LOD LOQ
(mg L) (mgL") (mgL™)

BBP 0.05-5.0 0.03 0.10

DEHP 0.25-50 0.24 0.79

3.2 Characterization of Ag/Polyaniline
film on pencil lead fiber
Morphology

The SEM image of a bare pencil lead
showed a smooth surface (Figure 2a). The
surface became rather rough after it was
immersed in acid solution, just like aged tree
barks (Figure 2b). This suggests that the
oxidation from the mix solution exerts a
severe impact to the pencil lead. When it
was modified with Ag/PANI, a good distributed
porous structure film was observed along the
pencil lead (Figures 2c and 2d)

Figure 2. SEM images: surface morphologies
of a bare pencil lead at magnification of
100x(a); an etching pencil lead at magnification
of 100x(b); a Ag/PANI deposited on pencil
lead at magnifications of 100x(c) and of
5,000%(d)
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Optimum
condition



Thermal resistance

Thermal desorption at GC injection
port was used in this study, thus, the
thermogravimetric analysis (TGA) was first
performed to investigate the thermal
stability of the prepared fiber. The TGA
result indicated no decomposition of the
deposited Ag/PANI up to 500 °C thus, this
fiber is suitable for the desorption at high
temperature of the GC injection port.
3.3 Optimization of extraction conditions
Adsorption time

The adsorption time is an important
parameter since it would certainly affect the
extraction efficiency of the developed
SPME fiber. Figure 3 shows the increase of
peak area with the adsorption time from 10
to 30 minutes. The decrease at a longer time
is possibly due to the back stripping of
analyte from the SPME fiber into the
extracting solution. Thus, 30 minutes was
selected for subsequent experiments.
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Figure 3. Effect of adsorption time on peak
area of 1.0 mg L' BBP and DEHP;
desorption time of 40 second

Desorption time

The effect of desorption time is
shown in Figure 4. Initially the peak area
increased with time, then became stable
after 30 seconds. That is, all adsorbed
analytes were completely desorbed from the
fiber at 30 seconds.

Under the optimum conditions, the
prepared Ag/PANI pencil lead SPME fiber
was used for the extraction the BBP and
DEHP from the spiked standard solution in
deionized water, High enrichment factor for
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Figure 4. Effect of desorption time on peak
area of 1.0 mg L' BBP and DEHP;
adsorption time of 30 minute

the extraction of DEHP was achieved
(8-folds) while no enrichment for BBP was
observed (Figure 5). This may be because
BBP is more polar than DEHP, thus, can
form a stronger ™ — @ interaction with a
Ag/PANI SPME fiber making it harder to
desorb. To improve the enrichment factor
for BBP extraction, optimization of other
affecting parameters e.g. stirring rate, salt
addition, would be useful.
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Figure 5. Chromatograms of (a) 1.0 mg L
standard of BBP and DEHP (b) 1.0 mg L
standard of BBP and DEHP extracted with
the developed SPME fiber and thermally

desorbed at the GC injection port

3.4 Reusability

A single fiber was used for the repeat
extraction of 1.0 mg L' mixed standard
solution of the two phthalate esters. After
the first extraction, the pencil lead SPME
fiber was washed in acetonitrile and DI
water, at a stirring rate of 900 rpm for 10
min before being reused. Relative peak area
of subsequent extraction cycles were
compared to the first one which was set as
100%.

© The 2018 Pure and Applied Chemistry International Conference (PACCON 2018) ANI119
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Figure 6 shows that one fiber can be
used up to 12 times) with average%
responses of 97.8 + 3.0 (RSD = 3.1%) and
98.6 £ 2.3 (RSD = 2.3%) for BBP and
DEHP, respectively. These values were
much better than the accepted RSD
recommended by AOAC (11% at analyte
concentration level of 1,000 ng mL™).'
Beyond these 12 extraction cycles, the
response decreased to less than 90%. This
may be due to structural deformation of the
PANI/Ag and the leaching out of some part
of it from the fiber and it can be observed by
naked eyes.

120 BBP
100 O.oo.......'..
@ 80 o
2 & Average response of 97.8 + 3.0
2 12 Times
g 4
°\§ 2
S
0 2 4 6 8 10 12 14 16
Extraction cycles
120 DEHP
100{ e °®
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§. % Average response of 98.6 + 2.3 L
2 L 12 Times
& 40
S 2
0

0 2 4 6 8 10 12 14 16
Extraction cycles
Figure 6. Reusability of Ag/PANI pencil
lead fiber

Conclusions

This study shows the possibility and
capability of the prepared Ag/PANI pencil
lead SPME fiber for the extraction of BBP
and DEHP. This cost effective and easy to
prepare Ag/PANI pencil lead SPME fiber
was successfully applied for the extraction
of phthalate esters. In addition, the prepared
fiber can be reused. Further investigation of
some extraction parameters would lead to
further improvement that would make it
more applicable for real sample analysis.
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Highlights

e Microextraction device made with 3D printer uses SPME pencil lead fiber.

e Pencil lead fiber was modified with silver-incorporated polyaniline film
SPME.

e SPME fiber was highly efficient, inexpensive and robust.

e Fiber can be reused up to 18 times for the extraction of phthalate esters.

e The developed microextraction device was applied to detect trace phthalate

esters.

Abstract

A screw-based portable and simple solid phase microextraction device was
constructed with a 3D printer and used in combination with a solid-phase
microextraction (SPME) fiber fabricated by electrodeposition of silver-incorporated
porous polyaniline film onto a pencil lead core (Ag/PANI SPME fiber). The scanning
electron microscope revealed the porous structure of the electrodeposited Ag/PANI
film and X-ray diffraction confirmed the presence of silver in the porous polymer film.
The fiber was used to extract trace quantities of phthalate esters. The compounds of
interest were dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate
(DBP), benzyl butyl phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP). The
extracted solution was identified and quantified by a gas chromatograph equipped with
a flame ionization detector (GC-FID). Under the optimum conditions of the developed
method, a good linearity was obtained in a concentration range from 5.0 to 1000 ug L™
for all five phthalate esters with limits of detection (LODs) of 4.41£0.91 pg L7,
3.98+0.92 ug L™, 3.65+0.74 ng L™!, 4.91+0.52 ug L™! and 4.25+0.66 pug L™! for DMP,
DEP, DBP, BBP and DEHP, respectively. The developed method provided good
precision when tested with standard solutions (RSD < 5.5%, n=6) and real samples
(RSD < 3.4%, n=6). Good fiber-to-fiber reproducibility was also confirmed by
extraction with six prepared fibers: recoveries ranged from 81.09+0.54% to
92.92+0.46%, RSD < 6.6%. The developed method was used to determine phthalate
esters in 14 cosmeceutical samples. In rubbing alcohol, DEP and DEHP were detected
at 7.03+0.76 pg L' and 5.89+0.53 pg L', respectively, while in contact lens cleaner,
DEHP was found in a concentration range from 5.3+1.1 pg L™ to 6.8+1.2 pg L™!. No
contamination was detectable in saline solution, eye cleaner and antibacterial
disinfectant liquid. Recoveries in the range of 81.92+0.99 % to 102.4+1.1% indicated
the good accuracy of the developed method.

Keywords: 3D printed, screw-based solid phase microextraction device, silver
decorated polyaniline, pencil lead fiber, cosmeceutical products
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1. Introduction

Phthalate esters are plasticizers, a class of compounds that increase the
flexibility of plastics through weak secondary molecular interactions with polymer
chains. Since there is no bonding between phthalate esters and plastics, they can easily
leach from plastic packaging into food and cosmeceutical products that they come into
contact with [1, 2]. Exposure to high levels of phthalate esters can lead to endocrine
disruption [3], reproductive mutation [4, 5] and carcinogenic effects in humans [6, 7].
The intelligence quotient (IQ) of children might also be affected [8]. The United States
Environmental Protection Agency (US EPA) has classified some phthalate esters as
priority pollutants [9-11]. Examples include dimethyl phthalate (DMP), diethyl
phthalate (DEP), dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), di-2-
ethylhexyl phthalate (DEHP) and di-n-octyl phthalate (DNOP). In this study, DMP,
DEP, DBP, BBP and DEHP were chosen as compounds of interest because of their
common use in personal-care products and medication containers [12, 13]. In addition,
DEHP has been classified as ‘possibly carcinogenic to humans’ although there is no
conclusive evidence that any of the phthalates causes cancer [14]. Therefore, the
detection and determination of phthalate ester contamination is beneficial for human
health.

Typically used analytical techniques are high performance liquid
chromatography (HPLC) and gas chromatography (GC) [15-17]. However, the trace
level of phthalate esters contamination and the complexity of the sample matrix make
it impractical to directly inject the sample. Hence, sample preparation steps are needed
to reduce the effect of interferences in the sample [16, 18]. An interesting technique is
solid phase microextraction (SPME), a simple solvent-free or solvent-reduced process
with high extraction efficiency [19-21]. There are many commercially available SPME
fibers but they are relatively expensive, quite fragile and have low sample capacity [22,
23]. To address these issues, a pencil lead-based SPME fiber is presented. The benefits
of a pencil lead are its very low cost, good mechanical rigidity and conductivity [24]
Therefore, it should be a good candidate for simple electrochemical surface
modification with an appropriate sorbent [25].

A number of conducting polymers have been employed as sorbents in sample

preparation techniques. Polyaniline (PANI) has been one of the most popular [26-29].
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It can be prepared by either chemical polymerization or direct electrodeposition onto
the surface of a substrate. PANI is particularly suited for the adsorption of phthalate
esters because it can form 7-7 interaction and hydrogen bonding with the target analytes
[29-31]. However, the sample loading capacity of PANI is still limited through its film
formation and the stability of a PANI thin film is somewhat poor [30]. Nevertheless,
some recent reports have suggested that Ag, MnO; and RuO> can enhance the porosity
of PANI film [32-34]. The incorporation of these metals or metal oxides into the
polymer structure may help increase the surface area and thus, the extraction efficiency.

An extraction device was developed based on a 3D-printed screw that holds a
solid phase microextraction fiber fabricated by electrodepositing silver-incorporated
polyaniline nanoporous film onto the surface of a pencil lead (Ag/PANI SPME fiber).
This device was used to extract trace phthalate esters for analysis by gas chromatograph
equipped with a flame ionization detector (GC-FID). The large surface area of silver-
incorporated polyaniline facilitated mass transfer of the target analytes. This improved
the loading capacity of the analytes and increased the efficiency of their extraction. The
affecting parameters were optimized and the method was validated before it was
applied for the determination of phthalate esters leached from plastic containers into

cosmeceutical products.

2. Experiment
2.1 Materials

Pencil leads (type 2B, diameter 2.0 mm, length 120 mm) were from Tianzhuo
(China) Ltd. (Hangzhou, China). Acetonitrile (HPLC grade) and ethyl acetate were
from Merck (Darmstadt, Germany). Di-2-ethylhexyl phthalate (DEHP) (97% purity)
was from Fluka (Buchs, Switzerland). Dibutyl phthalate (DBP) (99% purity), dimethyl
phthalate (DMP) (99% purity), diethyl phthalate (DEP) (99.5% purity) and benzyl butyl
phthalate (BBP)(99% purity), silver nitrate and aniline monomer (reagent grade, 99.0%
purity) were from Sigma-Aldrich (St. Louis, Missouri, USA). The monomer was
distilled prior to use. Acetone, ethanol, hexane and methanol were from Lab-Scan
(Bangkok, Thailand). Ultrapure water was from a maximum ultrapure water system

(18.2 MQ.cm ELGA, England). All chemicals were of analytical grade.
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2.2 Instrumentation

Analyses were performed using a gas chromatograph (Shimadzu GC-2010 plus)
equipped with a flame ionization detector (FID) (Shimadzu, Kyoto, Japan), and a DB-
5 fused silica capillary column (30 m length, 0.25 mm [.D. and 0.25 pm film thickness;
J&W Scientific, California, USA). Data processing was carried out with a LabSolutions
data system (Shimadzu Corporation, Kyoto, Japan). To obtain the shortest analysis
time, the highest response and a good separation, during analysis of the five phthalate
esters (DMP, DEP, DBP, BBP and DEHP) the GC-FID was first calibrated by
optimizing the flow rates of the carrier (He), make up (N2), fuel (H2) and oxidant (air)
gases, and the temperatures of the column, injector and detector.

Morphological characterization of the Ag/PANI SPME fiber and elemental
analysis of the Ag/PANI nanocomposite were performed on an FEI Quanta 400
scanning electron microscope coupled with energy-dispersive X-ray spectroscopy
(SEM/EDX-Quanta) (Brno, Czech Republic).

The resin SPME device (Fig. 1A) was produced by a 3D printer-form 2
(Formlabs, USA) controlled by an SLA (stereolithography) system.

2.3 Preparation of the Ag/PANI nanoporous film pencil lead SPME fiber

The bare pencil lead was immersed in ethanol, acetonitrile and DI water to remove
any interferences and ions from the fiber core and dried at 60°C. Silver and PANI were
simultaneously deposited onto a 1.5 cm length of the pencil lead as an Ag/PANI
nanoporous film by electrodeposition in a solution of 0.20 M aniline and 0.50 mM AgNO3
in 0.20 M H2SOs. The three-electrode system consisted of a pencil lead working electrode,
a platinum wire counter electrode, and an Ag/AgCl reference electrode coupled to a
potentiostat (ML 160, AD Instruments, Australia) connected to a data acquisition system

(EChem Electrochemistry software running with an e-corder, eDAQ Pty Ltd., Australia).

Electrodeposition was achieved by potential cycling between -0.20 and 1.0 V at a scan

rate of 10 mV s™! for 10 scans. The Ag/PANI SPME fiber was inserted into a cylindrical
hole within the shaft inside the SPME device (Fig. 1B).
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2.4 Adsorption and desorption

The modified part of the SPME fiber was dipped into 1.5 mL of a 1.0 mg L'
mixed standard solution of the five phthalate esters in a 2.0 mL amber glass vial. The
solution was stirred at 600 rpm for 30 min at room temperature. The adsorbed target
analytes were desorbed with a solvent and the obtained solution was evaporated to
dryness at 60°C, redissolved in ethanol and 1.0 pL of the extract was injected into the
GC-FID for analysis (Fig. 2).

To optimize the affecting parameters, consideration was given to the adsorption
and desorption times and stirring rates, the number of scans for the electrodeposition
step, and the type of desorption solvent used.

The initial extraction conditions in 1.5 mL of standard solution (1.0 mg L") or
sample solution were: 30 min stirring at 600 rpm for adsorption and 20 min at 400 rpm
for desorption, 10 scans for the electrodeposition process and 1.5 mL of acetonitrile as
the eluting solvent. Optimization was carried out by varying one parameter at a time,
keeping the others constant, over three replications for each condition. The optimal
value provided the highest recovery and the shortest analysis time. The obtained

optimum was then fixed for the optimization of the next parameter.

2.5 Real sample analysis

The method was applied to extract DMP, DEP, DBP, BBP and DEHP in five
groups of liquid samples sold in plastic containers: rubbing alcohol (3 samples), contact
lens cleaner (4 samples), saline solution (4 samples), eye cleaner (2 samples) and
antibacterial disinfectant liquid (1 sample). Without any pretreatment, 1.5 mL of each
sample was extracted in three replications with the SPME fiber, as described in section

2.4.

3. Results and discussion
3.1 Optimization of GC-FID conditions

For the analysis of the five phthalate esters, the optimum conditions were flow
rates of 1.0, 30, 300 and 30 mL min™"' for the carrier, make up, oxidant and fuel gases,
respectively, and temperatures of 300 and 260°C for the detector and injector,

respectively. The temperature of the column was initially set at 110°C and held for 0.5
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min before it was increased to 280°C with a temperature ramp rate of 20°C min ™.

Finally, the temperature was held at 300°C for 5 min before it was cooled down to the
initial temperature for the next analysis. The chromatogram of DMP (tr = 5.64 min),
DEP (tr = 6.48 min), DBP (tr = 8.51 min), BBP (tr = 10.63 min) and DEHP (tr = 11.78
min), showed good peak separation with good resolution (Rs > 1.5) and good peak

shape.

3.2 Characterization of the Ag/PANI nanoporous film on pencil lead fiber

The smooth surface of the bare pencil lead was revealed under the SEM (Fig.
3A). The homogenous Ag/PANI polymer film modification of the pencil lead fiber core
(Fig. 3B) exhibited a nanoporous structure under high magnification (Fig. 3C). The
large surface area of this nanoporous film of Ag/PANI indicated a high adsorption
capacity towards the extracted phthalate esters.

The EDX spectrum (Fig. 4) presents peaks for carbon (C) and nitrogen (N),
components of both the pencil lead core and polyaniline. The two tiny peaks of Ag
confirm that Ag was successfully decorated on the PANI film. Oxygen (O), aluminium

(Al) and sulfur (S) are components of the pencil lead.

3.3 Optimization of adsorption and desorption conditions
3.3.1 Adsorption time

Adsorption time is an important factor in the extraction process. It directly
affects the amount of analyte adsorbed on the sorbent. The effect of time on adsorption
of the five phthalate esters was evaluated from 10 to 60 min in increments of 10 min.
Between 10 and 30 min, recovery increased from 40.44+1.3% to 83.1+2.9% (Fig. 5A).
Over longer adsorption times, recovery decreased. The reduction in recovery was
possibly due to the back stripping of target analytes from the SPME fiber into the
extracting solution [35]. Thus, 30 min, the shortest time with the highest recovery, was

selected as the optimum condition for subsequent experiments.

3.3.2 Desorption time
Desorption time was also varied to determine the shortest time that provided the

highest desorption efficiency. The maximum recoveries were obtained at a desorption
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time of 20 min: 82.7+2.0% for DMP, 80.86+0.66% for DEP, 79.8+1.7% for DBP,
81.4£1.0% for BBP and 73.95+0.56% for DEHP (Fig. 5B). A possible explanation for
the lower recovery at desorption times longer than 20 min is that analytes can be
extracted back from the desorption solution onto the surface of the SPME fiber [35].

For further optimization of affecting parameters, 20 min was the desorption time used.

3.3.3 Stirring rates

The stirring rate of the sample solution during adsorption helps to accelerate the
diffusion and mass transport of analytes onto the sorbent and thus reduce the
equilibration time. To evaluate the effect of this parameter, the standard solution of
phthalate esters was stirred at 200, 400, 600 and 800 rpm during the 30 min adsorption
step. Between 200 and 600 rpm, recovery of the target analytes increased with the
stirring rate from 56.0£1.1% to a maximum 91.1+3.2% for DMP and DEP (Fig. 5C).
But, when stirred at 800 rpm, the solution formed a vortex, contact with the SPME fiber
in the middle of the vial was reduced and recovery decreased. Also, vortex forces may
strip adsorbed phthalate esters from the fiber [11]. For the adsorption step, 600 rpm was
selected as the optimum stirring speed.

The rate of stirring during the desorption step is equally important. The
recoveries of target analytes increased from 46.3+£3.5% at 200 rpm to a maximum of
92.6+1.2% for DEP at 400 rpm, were constant at 400 and 600 rpm and then decreased
at 800 and 1000 rpm (Fig. 5D). This behavior might possibly be explained by the effect

of the vortex force. The optimum stirring rate for desorption was determined to be 400

rpm.

3.3.4 The number of scans for Ag/PANI electrodeposition

Extraction efficiency is affected by the electrodeposited adsorbent layer. To
improve extraction efficiency of the target analytes, the modification of the developed
Ag/PANI SPME fiber was optimized over 5, 10, 15 and 20 cycles of electrodeposition
of silver-incorporated PANI film. The highest recoveries from the standard solution at
the tested concentration were obtained with a fiber modified over 10 scans. These

recoveries were 91.5+1.6% for DMP, 92.9+2.0% for DEP, 82.7+4.2% for DBP,
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82.2£1.6% for BBP and 77.5+1.5% for DEHP (Fig. S5E). Therefore, 10
electrodeposition cycles were used to modify the developed SPME fiber.

3.3.5 Type of desorption solvent

The type of desorption solvent used is one of the most important parameters in
any sorbent-based extraction technique. The solvent used in the present technique must
efficiently desorb phthalate esters that bond to the Ag/PANI SPME fiber by hydrogen
bonding and #-7 interaction. Therefore, selection of the desorption solvents for study
was based on their polarity. The selected solvents were acetonitrile (polarity index of
5.8), ethyl acetate (polarity index of 4.4), ethanol (polarity index of 5.2) and acetone
(polarity index of 5.1).

For most of the phthalate esters, the lowest recoveries, in the range of 39.743.2
to 55.01+0.92%, were obtained after desorbing with ethanol and acetone (Fig. 5F).
Ethyl acetate and acetonitrile provided better results (with recoveries in the range of
74.8+1.6 to 91.14£3.2%). This could be explained by the rule of “like dissolves like”.
Ethyl acetate and acetonitrile may have polarities closer to those of the five phthalate
esters than ethanol and acetone.

However, the recoveries of some compounds using a single solvent were still
not acceptable, especially for DMP, DEP, DBP with ethyl acetate and DEHP with
acetonitrile. To improve desorption efficiency, an acetonitrile-ethyl acetate mixture was
considered an interesting option. Various ratios were investigated (Fig. SlI,
Supplementary data). At a 4:1 volume ratio (Fig. 5E), extraction efficiency, especially
of DMP and DEP, was significantly improved. Recoveries of DMP, DEP, DBP, BBP
and DEHP were respectively 91.7+1.2%, 92.6+1.2%, 82.8+2.6%, 83.98+0.33% and
83.89+0.68%, which are acceptable levels by AOAC standards (below 13% at the
concentration of 1.0 mg L™" and 80-110% recoveries at analyte concentration levels of
100 to 1000 ug L) [36].

These results can be explained by considering the polarity of the target analytes
and the polarity of the desorption solvent. DMP, DEP and DBP are slightly polar
compounds whereas BBP and DEHP are non-polar compounds. Ethyl acetate is a less
polar solvent with a polarity index of 4.4 and acetonitrile is a more polar solvent with

a polarity index of 5.8. Combining the two solvents helps adjust the polarity of the
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desorption solvent, making it suitable for the desorption of both groups of phthalate
esters from the Ag/PANI SPME fiber. Therefore, in further experiments, a mixture of

ethyl acetate and acetonitrile at the volume ratio of 4:1 was used for desorption.

3.4 Extraction efficiencies of fibers

To assess the extraction performance of the modified fiber, 1.0 mg L™! mixed
standard solutions of the five phthalate esters were extracted for 50 min with a bare, a
PANI and an Ag/PANI pencil lead SPME fiber. The recoveries of phthalate esters by
these fibers clearly differed (Fig. 6). Since pencil lead contains graphite and its carbon
atoms are arranged in a hexagonal structure, it can interact with the target analytes by
n—m interactions [37]. Modification with PANI improved extraction efficiency from
about 40% to about 60% because the functional group in the PANI moiety can interact
with the target analytes via both n—r interactions and hydrogen bonding. The Ag/PANI-
modified pencil lead achieved the highest extraction recoveries of 88.2+1.4% for DMP,
91.6+1.5% for DEP, 82.8+2.6% for DBP, 81.6+1.5% for BBP and 85.5+1.8% for
DEHP. This overall improvement is probably caused by the increased surface area of
the sorbent resulting from the one-step electrodeposition of silver with PANI. The
electrodeposition process is likely initiated by the formation of [Ag-aniline]" complex
ions which undergo polymerization involving both complex ions and pristine aniline

monomer [ 16, 34].

3.5 Analytical performances and method validation
3.5.1 Linearity, limit of detection and limit of quantification

After extraction under the optimal conditions and analysis by GC-FID, response
points from the determination of all the phthalate esters were linear in the concentration
range of 5.0 to 1000 pg L.

The limits of detection (LODs) and limits of quantification (LOQs) were
evaluated by the [UPAC recommended method, as 3-fold and 10-fold, respectively, of
the standard deviation (SD) of 20 blank measurements divided by the slope of the
calibration plot [38, 39]. They are summarized in Table 1.
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Table 1 Analytical performances of Ag/PANI fiber for the analysis of the five phthalate

esters

Linear range LOD LOQ
Linear equation

(ng L") (mgLh)  (ugLh

DMP 50-1000  y=(17.39£0.70)x + (0.80+0.39), R>=0.9935 4.41+0.91  14.743.0
DEP 50-1000  y=(19.2840.94)x + (0.37+0.53), R2=0.9905 3.9840.92  13.3%3.1
DBP 50-1000  y=(20.9940.85)x + (0.39+0.47), R2=0.9935  3.65£0.74  12.242.5
BBP 50-1000  y=(15.61£0.58)x + (0.81£0.32), R2=0.9946 4.91+0.52  16.4+1.7

DEHP  50-1000  y=(18.05:0.82)x + (0.80+0.46), R®>=0.9917 4.25+0.66 14.242.2

These LODs are lower than the recommended maximum contaminant level
(MCLs) of 6.0 pg L™! for BBP and DEHP, adopted by the US Environmental Protection
Agency [40]. Thus, the developed method can certainly be used for the determination
of phthalate esters in real samples. However, no regulatory limits have yet been set by
any organization on the contamination levels in the five sample groups studied in this
work. So, monitoring the leaching of these phthalate esters from plastic containers may
raise awareness of contamination from these compounds in the kinds of samples studied

in this work.

3.5.2 Fiber-to-fiber reproducibility

To investigate the preparation procedure reproducibility of the fabricated SPME
fiber, six batches of three SPME fibers were prepared. Each fiber was used to extract
1.0 mg L™" standard solution containing the five phthalate esters, followed by analysis
with GC-FID. The average extraction recoveries obtained from the six batches for the
five phthalate esters were within the 81 to 93% range with RSDs between 0.7 and 6.7%
(Fig. S2, Supplementary data). These RSDs are better than the acceptable value of 13%
recommended by the AOAC (at the concentration of 1.0 mg L) [36], indicating that
the Ag/PANI SPME fiber sorbent could be reproduced with good precision.

To confirm the reproducibility of the fiber in real world application, another six
batches of the SPME fiber were fabricated and applied to extract phthalate esters in

rubbing alcohol. The extraction recoveries from the six batches were within the range
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of 81 to 93% with RSDs between 0.7 and 2.6% for the five phthalate esters (Fig. S3,
Supplementary data). These recoveries and %RSD were also better than those
recommended by the AOAC [36].

These results indicate an excellent reproducibility of the fabrication procedure
of the silver-incorporated PANI SPME fiber even when used for the extraction of target
analytes in a real sample matrix. In addition, the sample matrix had no effect on the

obtained recoveries.

3.5.3 Reusability

To establish the number of extraction cycles that the Ag/PANI pencil lead
SPME fiber can effectively perform, a mixed standard solution of the five phthalate
esters at 1.0 mg L' was extracted in standard solutions and spiked samples. Before
reuse after each extraction, the SPME fiber was washed for 5 min in acetonitrile, DI
water and acetone, at a stirring rate of 400 rpm. The relative peak area of the first
extraction cycle was considered as 100% against which the peak area of each
subsequent cycle was calculated.

In the standard solution, one fiber could be used up to 18 times. The average %
responses of the five phthalate esters were about 90 to 94% and RSDs were 2.3 to 4.8%
(Fig. S4, Supplementary data). These values were much better than the accepted RSD
recommended by the AOAC (11 % at an analyte concentration level of 1.0 mg L") [36].
Beyond 18 extraction cycles, the response decreased to less than 90 %. This was most
likely due to structural deformation of the Ag/PANI film, where some polymer had
been stripped from the fiber core.

In the spiked real sample (rubbing alcohol), one fiber could be used up to 21
times with average % responses of about 90 to 92% and RSDs 0.84 to 3.8% (Fig. S5,
Supplementary data).

These two experiments indicated that the developed Ag/PANI SPME fiber
provided good repeatability. When used for the extraction of phthalate esters in real
samples, the similarity in the response percentages indicated that the matrix in the

sample did not affect the robustness of the Ag/PANI pencil lead SPME fiber..
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These results also confirmed the cost-effectiveness of the fiber. The material
cost of one fiber is about 0.089 USD and since the fiber can be reused 18 to 21 times,

the cost of one extraction cycle is only 0.0005 USD.

3.5.4 Precision

The precision of the SPME fiber was evaluated by spiking rubbing alcohol with
standard solutions of the phthalate esters at final concentrations of 0.050, 0.25, 0.50,
0.75 and 1.0 mg L' (six replications at each concentration). The extraction and the
analysis were performed under the optimal conditions. The RSDs of the recoveries for
the extraction of five phthalate esters at each spiked concentration ranged from 3.1 to
5.5 %. These values were better than the AOAC RSD guideline value of 11% for
1.0 mg L' [36]. Therefore, the extraction and analysis of phthalate esters with the
developed Ag/PANI pencil lead SPME fiber coupled with GC-FID achieved good

precision.

3.6 Analysis of real samples

To assess the applicability of the developed method, it was used to detect five
phthalate esters in five liquid sample groups (14 samples in total) sold in plastic
containers by local supermarkets in Hat Yai, Thailand.

The matrix effect was first evaluated by spiking standard solutions of DMP,
DEP, DBP, BBP and DEHP in the concentration range of 5.0 to 1000 ug L™ into each
type of cosmeceutical product sample (matrix-matched standard solution). Standard
solutions of the analytes at the same concentration range were also prepared in
deionized water. Both sets were extracted and analyzed under the same conditions.
Matrix-matched and standard calibration curves were plotted of the average peak area
against their known concentrations. Their slopes were statistically compared by two-
way ANOVA (analysis of variance).

The slopes of the matrix-matched and the standard calibration plots for contact
lens cleaner and antibacterial disinfectant liquid samples were significantly different
(P<0.05), indicating a matrix effect. Therefore, the matrix-matched calibration plot was
used for quantitative analysis of these samples. For rubbing alcohol, saline solution and

eyes cleaner samples, there were no significant differences (P>0.05) between the slopes
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of the two calibration plots, indicating no interferences from the sample matrix and the
standard calibration plot was used for quantitative analysis of this group.

DEP and DEHP were detected at 7.03£0.76 ng mL™!' and 5.89+0.53 ng mL™!,
respectively in one of the rubbing alcohol samples. DEHP was found at 5.3£1.1 ng
mL"! and 6.8+1.2 ng mL"! in two samples of contact lens cleaner solution (Table SI,
Supplementary data). However, these concentrations are still lower than the MCL of
6.0 ng L™! for DEHP or within the guideline values [40]. No phthalate esters were
detectable in the samples of saline solution, eye cleaner and antibacterial disinfectant
liquid.

It is noteworthy that the samples contaminated with DEP and DEHP were
contained in plastic products. This is not surprising because these plasticizers are the
most widely used in the world [41] and are added at a content of 40% by weight during
the production process [12, 42].

The developed method was further validated by the obtained recoveries from
the extraction of spiked standard solutions of DMP, DEP, DBP, BBP and DEHP in each
real sample at concentrations of 0.005, 0.050 0.250, 0.500 and 1.0 mgL™'. Good
recoveries of the five phthalate esters within the range of 82-103% (Table S2,
Supplementary data) were obtained. These values are within the acceptable range as
recommended by AOAC (80-110% recoveries at analyte concentration level of 100 to

1000 pg L) (AOAC 2016) [36] indicating good accuracy of the developed method.

Conclusions

A novel solid phase micro-extractor was successfully developed using silver-
incorporated polyaniline film electrodeposited on a pencil lead. It is easy to prepare,
and provided high extraction efficiency when applied for the extraction of five phthalate
esters in real samples. Extraction time is about 50 min and the fiber can be reused at
least 18 times (average recoveries of five phthalate esters >90.443.8). Other advantages
are simplicity and economy (0.089 USD per fiber, 0.0005 USD per extraction). Under
the optimum conditions, LODs were low, precision good and relative standard
deviation for fiber-to-fiber reproducibility was less than 6.6%. The recovery range of
the developed method for extraction of five phthalate esters in real samples indicated

good accuracy and precision. This developed Ag/PANI SPME fiber can also be an
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alternative extraction device for the analysis of other phthalate esters or other aromatic

compounds in various kinds of samples.
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Figure Captions:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Photo of the SPME device (A) and schematic of the Ag/PANI SPME
device (B)

Schematic presentation of the extraction and desorption procedures of
the Ag/PANI pencil lead SPME fiber for the five phthalate esters
SEM images: surface morphologies of a pencil lead at magnification
of 50%(A); and Ag/PANI deposited on pencil lead at magnifications of
50% (B) and 10,000x (C)

EDX spectrum of silver-incorporated polyaniline film on a pencil lead
core

The five phthalate esters (n=3) in solution at 1.0 mg L™ were extracted
with the developed device. The charts show the effects on recovery of
adsorption time (A), desorption time (B), stirring rate of adsorption
(C), the stirring rate of desorption (D), number of scans for
electrodeposition of Ag/PANI (E) and type of desorption solvent (F)
Extraction recoveries of bare, PANI and Ag/PANI coated pencil leads
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Fig. 5 The effects on the extraction recovery of 1.0 mg L' of the five phthalate esters
(n=3) of (A) adsorption time, (B) desorption time, (C) stirring rate of adsorption, (D)
the stirring rate of desorption, (E) number of scans of the electrodeposited Ag/PANI

and (F) type of desorption solvent
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Fig. 6 Extraction recoveries of bare, PANI and Ag/PANI coated pencil leads for the
extraction of a 1.0 mg L™! of the five phthalate esters standard solution under optimal

conditions (n=3)
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Fig. S1 Effect of acetonitrile and ethyl acetate ratio on the extraction recoveries of the

phthalate esters at 1.0 mg L™ (n=3)
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Fig. S2 Fiber-to-fiber reproducibility as indicated by the extraction recoveries of the

phthalate esters at 1.0 mg L™ (n=3)
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Fig. S3 Fiber-to-fiber reproducibility as indicated by the extraction recoveries of the

phthalate esters at 1.0 mg L™" in real samples (n=3).

=DMP =DEP ©DBP =BBP =DEHP
100

TIF ”“ ST TR 1)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Extraction number

Fig. S4 Recoveries from repeated extractions of the phthalate esters at 1.0 mg L™

(n=3)
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Fig. S5 Recoveries from repeated extractions of the phthalate esters at 1.0 mg L™ in

real samples (n=3)
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Table S1 Concentration of phthalate esters in real samples

Concentration of phthalate esters (ug L)

Samples
DMP DEP DBP BBP DEHP

Rubbing alcohol
RA-1 ND ND ND ND ND
RA-2 ND 7.03£0.76* ND ND 5.89+0.53°
RA-3 ND ND ND ND ND
Contact lens cleaner
CLC-1 ND ND ND ND ND
CLC-2 ND ND ND ND 6.8+1.2°
CLC-3 ND ND ND ND 5.3%1.1°
CLC-4 ND ND ND ND ND
Saline solution
SS-1 (external use drug) ND ND ND ND ND
SS-2 (external use drug) ND ND ND ND ND
SS-3 (intravenous injection) ND ND ND ND ND
SS-4 (intravenous injection) ND ND ND ND ND
Eye cleaner
EC-1 ND ND ND ND ND
EC-2 ND ND ND ND ND
Antibacterial disinfectant liquid
ADL -1 ND ND ND ND ND

RA = rubbing alcohol, CLC = contact lens cleaner, SS = saline solution, EC = eye cleaner,

ADL = antibacterial disinfectant liquid

ND is non-detectable (<LOD)

2 Detectable, not determined (>LOD, <LOQ)
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Table S2 Recoveries of phthalate esters at various concentrations (n=6) (I)

Spiked . % Recoveries (n=6)
Samples concentration
(ng mL_l) DMP DEP DBP BBP DEHP
Rubbing alcohol
RA-1 0.005 83.36£1.2 85.0+1.3 84.60+0.71  83.75+0.79 90.29+0.87
0.050 86.5+1.9 85.9+1.5 85.76+0.83  82.7+1.1 86.11+£0.59
0.250 88.6+1.4 84.71+0.23  86.72+0.96  85.5+1.2 82.7+1.2
0.500 91.9+1.2 87.5£1.0 92.8+1.4 84.66£0.61 86.28+0.15
1.0 90.1+2.2 87.52+0.71  88.7+1.5 100.75+£3.4 87.5+2.1
RA-2 0.005 90.09+0.99  85.4+1.2 87.28+0.87  81.92+0.99 92.3+1.1
0.050 94.4+2.2 91.62+0.99  88.9+1.2 87.7£1.3 88.05+0.85
0.250 86.8+3.5 85.9+2.9 86.3+1.7 85.7+1.7 82.5+3.0
0.500 90.7+1.2 87.5+1.0 92.8+1.4 84.66£0.61 86.29+0.15
1.0 89.6+2.4 88.11+0.44  92.1£2.0 97.0+3.2 90.4+2.1
RA-3 0.005 92.6+1.0 89.4+1.2 90.2+1.2 81.92+0.71 92.6+1.0
0.050 99.3+1.9 96.3+1.3 90.1+1.3 91.39+0.63 92.2+1.4
0.250 84.7+2.9 87.442.0 86.7+1.7 86.4+1.6 82.5+1.2
0.500 88.9+0.9 91.34+091  101.0+1.0 86.61£0.30 92.2+1.2
1.0 92.5+2.0 89.29+0.76  88.9+1.5 96.5+3.5 89.4+1.5
Contact lens cleaner
CLC-1 0.005 91.87£0.69  91.7+1.2 94.75+0.62  81.0£1.2 84.6+1.7
0.050 98.1+1.3 99.66+0.96  93.3%1.6 93.39+0.88 95.1+1.4
0.250 84.442.0 88.3+1.2 87.2+1.4 86.0%1.5 83.1£1.6
0.500 89.61£0.86  97.34+0.72  99.43+0.64  87.87+0.38 93.91+0.88
1.0 92.5+1.9 88.7+1.2 89.5+2.0 93.6+1.9 88.5+2.2
CLC-2 0.005 96.36+0.62  93.7+1.7 97.0+1.0 88.3%1.1 90.4+1.7
0.050 96.8+1.3 100.10+0.84 95.3+1.4 95.38+0.61 92.2+1.3
0.250 84.1+2.1 87.1+1.7 86.3+3.1 85.0+£2.5 84.9£1.0
0.500 92.5+1.0 98.30+0.24  100.61+0.81 87.48+0.50 95.29+0.55
1.0 101.2+1.4 88.1+1.9 89.5+2.6 91.7+1.7 89.9+1.1
CLC-3 0.005 94.1+1.2 92.4+1.8 101.5£1.3 95.6+1.7 96.3+1.5
0.050 89.0+1.1 94.4+1.6 93.20+0.84  90.39+0.98 89.3+1.4
0.250 82.22+0.97  88.1x2.1 89.1+1.6 84.3%1.3 85.83+0.61
0.500 92.86+0.64  97.8+0.23 97.68+0.76  88.65+0.59 96.28+0.44
1.0 92.52+0.98  89.3+1.8 88.3+2.5 91.2+1.9 92.8+1.3
CLC4 0.005 85.13+0.90  85.9+1.3 99.2+1.1 86.5£1.0 92.4+1.5
0.050 84.4+1.3 95.5+1.5 93.20+0.84 91.4+1.7 91.3+1.4
0.250 87.42+£2.6 88.6+2.4 89.8+1.7 86.58+0.67 90.1+0.61
0.500 102.6£1.5 99.02+0.39  91.5+1.6 90.70+£0.35 98.96+0.44

1.0 94.0£1.0 92.9+1.2 89.46+0.52  92.2+1.9 95.3£1.3
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Table S2 Recoveries of phthalate esters at various concentrations (n=6) (I)

Spiked o .
concentration /o Recoveries (n=6)
Samples (gmL "’ DMP DEP DBP BBP DEHP
Saline solution
SS-1
(external use
drug) 0.005 89.47+£0.93 91.4+1.5 102.4+1.1 86.5+1.4 96.3£1.2
0.050 91.3+1.0 92.1+1.8 89.0+1.6 91.4+2.0 89.3+1.3
0.250 87.6+2.6 88.6+1.8 91.2+1.8 87.5+1.2 91.3+1.2
0.500 100.9+1.6  100.46+0.49 92.9+1.4 89.43+0.32  98.36+0.35
1.0 94.0+2.1 92.3+0.82 91.8+1.2 92.7+2.4 92.0+1.2
SS-2
(external use
drug) 0.005 93.8+1.1 100.5+1.0 91.25+0.99  93.4+1.1 102.15+0.93
0.050 91.2940.67 96.7+1.4 94.26+0.68  93.4+2.0 91.27+0.95
0.250 87.0+£2.9 90.5+1.2 89.3+£2.7 87.2+1.0 90.9+1.1
0.500 93.3£1.2 96.02+0.39  103.4+2.0 88.36+0.25 97.4+0.31
1.0 99.7+1.5 96.01£0.93  87.7+1.1 94.1+1.6 96.27+0.95
SS-3
(intravenous
injection) 0.005 96.20+£0.63 95.8+1.1 100.2+1.1 86.5£1.5 99.2+1.7
0.050 93.6+1.4 92.1+0.98 94.26+0.98  93.4+1.2 91.3+1.3
0.250 85.5+3.4 90.5+2.6 88.4+2.1 86.2+1.2 90.3+1.4
0.500 98.5+1.1 96.3840.63  97.6+l1.1 88.75+£0.33  96.38+0.65
1.0 96.1+1.1 89.9+1.3 94.7+1.7 92.7+2.4 95.3£1.1
SS-4
(intravenous
injection) 0.005 102.8£1.1  91.2+41.1 100.60+0.80  92.0+2.1 08.2+1.3
0.050 95.81+£0.58 96.7+1.4 94.26+0.71  95.4+1.4 94.17+0.84
0.250 88.5+2.7 90.242.5 91.9+1.54 88.3+1.1 89.9+2.0
0.500 98.3+1.4 100.90+0.31 96.39+0.80  89.04+0.47 97.274+0.52
1.0 92.5+1.9 89.89+0.82  92.35+0.95  93.6+3.1 93.9£1.2
Eye cleaner
EC-1 0.005 98.3+1.3 91.5+1.6 91.67+0.75  86.5+1.8 92.38+0.99
0.050 89.0+1.0 93.3+2.1 86.9+1.5 89.44+2.0 92.2+1.0
0.250 85.5+4.0 91.6+1.5 92.1£2.5 87.0£1.9 88.0£3.0
0.500 99.7+1.5 97.1+1.0 96.39+0.40  85.83+0.77 95.29+0.35
1.0 91.8+1.3 86.3£1.6 91.2+1.4 95.1+1.9 94.83+0.61
EC-2 0.005 93.80+£0.53 85.0+1.2 93.91+£0.73  86.5+1.8 102.2+1.0
0.050 87.5+1.7 100.1+1.5 90.0£1.5 92.442.1 92.2+2.1
0.250 90.4+2.8 91.443.1 93.8+1.4 88.1+1.4 90.7+1.9
0.500 98.0+1.4 99.4+1.3 96.4+1.3 86.1£1.2 97.47+0.42
1.0 96.12+£0.95 91.1£1.0 90.0£1.0 92.7+3.8 93.442.3
Antibacterial disinfectant liquid
ADL-1 0.005 87.06+£0.57 84.98+0.97  98.4+1.2 86.5+1.8 96.3+1.3
0.050 90.8+1.0 99.0+1.6 94.3+1.6 92.442.1 90.3+2.3
0.250 88.5+2.4 92.2+3.4 93.8+2.2 88.5+1.7 90.0+1.9
0.500 96.50£0.93 97.0£1.6 101.07+0.68 87.68+0.84  95.49+0.60
1.0 92.5+1.5 86.9+£2.5 85.4+1.6 93.14+£0.80  91.0+2.9
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