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Abstract

This thesis aimed to develop a new magnetic solid phase extraction
sorbent of polypyrrole/silica/magnetite nanoparticles (polypyrrole/SiO,/Fe30,) for the
extraction and preconcentration of sulfonamides in water samples by coating
magnetite nanoparticles with silica and polypyrrole. The Fe;O4 nanoparticles provided
a simple and fast separation method for the analytes in water samples. The silica
coating increased the surface area that helped to increase the polypyrrole layer. The
polypyrrole provided a high extraction efficiency due to the n-x interactions between
the polypyrrole and sulfonamides. Several parameters that affected on the extraction
efficiencies, i.e., the amount of sorbent, pH of the sample, extraction time, desorption
solvent, time and volume, desorption temperature, ionic strength were investigated.
Under optimum conditions, the method was linear over the range 0.30 — 200 pg L™
for sulfadiazine and sulfamerazine, and 1.0 — 200 pg L™ for sulfamethazine and
sulfamonomethoxine. The limit of detections were 0.30 pg L™ for sulfadiazine and
sulfamerazine, and 1.0 pg L™ for sulfamethazine and sulfamonomethoxine. ~ The
results showed the recoveries were in the range of 86.7-99.7% with relative standard
deviations of < 6 %. This developed sorbent is cost-effective (0.07 USD per sample)
and provided a good sorbent-to-sorbent reproducibility. This simple and rapid method
was successfully applied to efficiently extract sulfonamides from water samples with

a high extraction efficiency and it provided a good accuracy, precision and reliability.
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CHAPTER 1
Introduction

1.1 Background and Rationale

Sulfonamides are one types of antibiotic that have been used as effective
chemotherapeutics in veterinary medicine practice because of their cost effectiveness
and wide spectrum antimicrobial activity. They are used in veterinary medicine in
pure formulations or in combination with other antibiotics to combat infectious
disease, to promote growth and increase the productivity of livestock, poultry and
aquaculture (Dmitrienko et al., 2014). They are active against a broad spectrum of
both gram-positive and negative bacteria including species of the genus
Streptococcus, Staphylococcus, Escherichia, Neisseria, Shigella, Salmonella,
Nocardia, Chlamydia and Clostridium. In addition, they have been used againt
protozoa, parasites, and fungi (Baran et al., 2011). A variety of sulfonamides are
mostly employed in animal husbandry and intensive aquaculture farms such as
sulfadiazine  (SDZ), sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX) (Fig. 1.1) because of their commercial availability and
low cost. Therefore, it can be contaminated in environment.

Several research work reported the contamination of sulfonamides in
environmental water, sewage, livestock and aquaculture wastewater, river and coastal
waters. Sulfamethoxazole were detected in sewage or heavily sewage-impacted
waters in five tropical asian countries in the concentration of 1720 ngL™(Vietnam),
802 ngL™ (Philippines), 538 ngL™ (India), 282 ngL™ (Indonesia) and 76 ngL™
(Malaysia) (Shimizu et al., 2013). Sulfamethazine (0.076 to 0.22 pg L™) and
sulfadimethoxine (0.046 to 0.068 pg L™) were found in priwells formerly used as
sources of drinking water in Washington, USA (Batt et al., 2006). Sulfanilamide,
sulfadiazine, sulfamerazine, sulfamethoxypyridazine and sulfamethazine were found
in selected Malaysian swine wastewater in the range of 5.15 to 93.75 ng L™* (Malintan
and Mohd, 2006). Due to their persistence for a long time, which lead to concern of

widespread antibiotic resistant bacteria and resistance genes in the aquatic



environment (Kim et al., 2013). Therefore, it is important to develop a suitable

method for the determination of sulfonamides.
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Fig. 1.1 The molecular structure of sulfonamides

Several methods have been reported for the determination of sulfonamides
including, capillary electrophoresis (CE) (Tong et al., 2013), enzyme immunoassay
(EIA) (Galarini et al., 2014; Zhou et al., 2014) gas chromatography (GC) (Reeves,
1999), high performance liquid chromatography (HPLC) (Malintan and Mohd, 2006;
Tao et al., 2009; Zhang et al., 2011b). Among these methods, HPLC has been widely
used because of its high sensitivity and good selectivity (Lin and Huang, 2008). Due
to the relatively low amount of sulfonamides in environmental water samples together
with the complexity of the matrices, a sample preparation method is generally
required prior to instrumental analysis.

Various sample preparation methods have been employed for the extraction
and preconcentration of sulfonamides such as dispersive liquid-liquid extraction
(DLLE) (Herrera-Herrera et al., 2013b), liquid-liquid-liquid microextraction (LLLM)
(Lin and Huang, 2008), hollow fiber-based liquid phase microextraction (HF-LPME)
(Ramos Payan et al., 2011), cloud point extraction (Zhang et al., 2011b), stir bar



sorptive extraction (Huang et al., 2009; Yu and Hu, 2012), solid phase
microextraction (SPME) (McClure and Wong, 2007), solid phase extraction (SPE)
(Fang et al., 2006; Raich-Montiu et al., 2007; Shi et al., 2011; Sun et al., 2014) and
micro solid phase extraction (USPE) (Diaz-Alvarez et al., 2014). Among these, SPE is
one of the most widely used due to it provides high extraction efficiency, good
selectivity, and reproducibility. However, traditional SPE cartridges and equipment
are expensive and the operation is quite tedious. To overcome this problem, magnetic
solid phase extraction (MSPE) have been developed. It has attracted much attention
since the sorbent can easily be separated from the sample solution using an external
magnetic field, which makes the separation easier and faster (Hashemi et al., 2014).
This technique has more advantages than the conventional SPE sorbent which need to
be packed in an SPE column or SPE cartridge and avoiding the time consuming
process of loading large-volume of sample. Moreover, magnetic sorbents can be
reused after a simple washing operation. However, naked Fe3O4 nanoparticles tend to
aggregate, are prone to oxidation and are not selective toward complex matrices
(Zhang et al., 2011a). Therefore, the surface of these magnetic nanoparticle have been
modified with specific ligands to make them selective and appropriate sorbents
(Zhang et al., 2011b). There are many works reported the use of magnetic
nanoparticles composited or coated with others materials as magnetic nanosorbent
such as graphene (Luo et al., 2011; (Wang et al., 2015), graphene oxide (Pan et al.,
2014; Yan et al., 2014), multiwalled carbon nanotube (Xu et al., 2013; Bunkoed and
Kanatharana, 2015), carbon (Yang et al., 2014), hydrophilic carbon (Geng et al.,
2012), C18 (Liu et al., 2014), molecularly imprinted polymer (Zhou et al., 2015) and
silica (Yamini et al., 2015). Among these, silica (SiO;) is one of the most ideal
coating layers on the surface magnetic nanoparticles since it can prevent the FezO4
nanoparticles aggregating and improve their chemical stability (Hashemi et al., 2014).

Silica nanoparticles is becoming a promising and important approach in the
development of surface modification of magnetic nanoparticles. This approach
prevents the agglomeration of particles as well as providing an environment for the
transferring of hydrophobic iron oxide nanoparticles into a hydrophilic system.
Surface modification of nano-sized inorganic cores with different inorganic shells to

form a core/shell type nanostructure has become an important route to obtain



functional nanomaterials since it can provide interesting physical and chemical
properties (Tie et al., 2007). However, the hydrophilic SiO, would not be applicable
for the extraction of slightly or non polar compounds. Therefore, it was used to
composite or modified with other materials for the improvement the hydrophobic
interaction between analytes and sorbent. There are several works reported the use of
silica (SiO;) coated magnetic nanoparticles and composited or modified with other
materials such as polyaniline (Wang et al., 2014b), phenyl (Ibarra et al., 2014; Tang
et al., 2014), chitosan (Ren et al., 2013), ionic liquid (He et al., 2014), mesoporus (de
Souza et al., 2014), polyaniline-graphene oxide (Su et al., 2014).

Recently, polymers are widely used as coating layer to adsorb various
compounds. Because of its ability to establish n—m interactions, and excellent
chemical, mechanical and thermal stability. Polypyrrole is one of conducting
polymers which are widely used for the extraction of varoius compounds. In this
work, the new magnetic solid phase extraction of the polypyrrole/SiO,/Fe;0,4 sorbent
was developed. Polypyrrole was used as the coating material because it contains a
conjugated & structure that can adsorb sulfonamides via n-m interactions. Moreover,
polypyrrole can easily be prepared by chemical polymerization under mild condition
(Mehdinia et al., 2012). The sorbent can be simply prepared by coating of silica on
magnetic  nanoparticles and  follow Dby polypyrrole  polymer. The
polypyrrole/SiO,/Fe;0, sorbent was then applied to extract sulfonamides such as
sulfadiazine (SDZ), sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX) by high performance liquid chromatography (HPLC). To
obtain the best extraction efficiency, affecting parameters were optimized, i.e.,
amount of sorbents, extraction time, sample pH, effect of ionic strength, type and
volume of the eluting solvent. The aim is to provide a reliable, simple, highly
sensitive and environmental friendly method for the monitoring of sulfonamides in

environmental water samples such as tap, canal and lake waters.



1.2 Chemical properties of sulfonamides

Sulfonamides are white or slightly yellowish, odorless powders, and some
have a bitter taste. Most of these substances are poorly soluble in water. The solubility
of sulfonamides in acids and alkali is conditioned by their amphoteric properties,
which are due to the presence of the basic aromatic amino group (pKa: 2-2.5) and the
amide group, which contains a labile hydrogen atom with acidic properties (pK,2 5-8).
The acidic properties of sulfonamides are more pronounced than their basic
properties, and thus sulfonamides are positive charged in acidic medium at pH <2,

neutral at pH 3-5, and negatively charged at pH >5 (Kimmerer, 2009).

1.3 Toxicity of sulfonamides

Sulfonamides have the potential to cause a variety of untoward reactions,
including commonly in the form of allergic reactions, disbacteriosis, suppression of
enzyme activity, alteration of the intestinal microflora, and promotion of sustainable
forms of pathogens (Dmitrienko et al., 2014), urinary tract disorders, haemopoietic
disorders, porphyria and hypersensitivity reactions. When it was used in large doses,
it may cause a strong allergic reaction. Two of the most serious are Stevens-Johnson
syndrome and toxic epidermal necrolysis (Lyell syndrome)

1.4 High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC) has been widely used for
the quantification of sulfonamides due to its high sensitivity and good precision. (Sun
et al., 2009; Ramos Payan et al., 2011; Shi et al., 2011; Sun et al., 2014; Yan et al.,
2014). HPLC is a separation technique that can be used for the analysis of organic
molecules and ions which is based on mechanisms of adsorption, partition and ion
exchange, depending on the type of stationary phase used which involves a solid
stationary phase, normally packed inside a stainless-steel column, and a liquid mobile
phase. Reversed-phase HPLC is generally employed for the separation and
determination of sulfonamides. This type of chromatography is performed on a



nonpolar stationary phase with a polar mobile phase. In RP-HPLC the separation is
based on the partition of the analyte between the stationary phase and the mobile
phase. It is frequently practiced using a bonded phase on silica, with the bonded
moiety (ligand) being a hydrocarbon chain (e.g., C8, C18). The mobile phase in RP-
HPLC is typically a partially aqueous, partially organic solvent and is more polar than
the stationary phase. The solute molecules are in equilibrium between the
hydrophobic stationary phase and partially polar mobile phase, the direction of the
equilibrium determining a stronger or a weaker retention of the analytes (Moldoveanu
and David, 2013c). A typical HPLC system (Fig.1.2) consists of the mobile phase
container, a pump to carry on the mobile phase and sample through the system, an
injector or autosampler to allow sample introduction, a column for separation of
analytes, a detector to detect the separated analytes, and a data processor to assist in
interpretation results. To obtain the best performance, i.e., high sensitivity, good
separation, and short analysis time, some parameters need to be study such as mobile
phase composition, stationary phase, types and wavelength of detector.

"1 Solvent =
— — -

—e

, HPLC Column Data

._@/njector
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-* I 7 -

Pump Detector  \yaste =8

Fig. 1.2 A schematic of an HPLC system



1.4.1 Mobile phase

The mobile phase is one of critical step for effecting a successful separation.
The solvents are selected depending on the type of HPLC, the nature of the analytes,
the choice of the stationary phase, and also the type of detection used for the analyte
measurement. The interaction in RP-HPLC is considered to be the hydrophobic
forces. This force is caused by the energies resulting from the disturbance of the
dipolar structure of the solvent (Moldoveanu and David, 2013b). Sulfonamide is
ampholytic compound which could have a tailing peak in reversed-phase
chromatography. The tailing in reversed phase liquid chromatography is caused by
the residue silanol groups and metal impurities in traditional phase column materials.
This behavior can be reduced by mean of mobile phase with high acidity and ionic
strength. The most of solvents of mobile phase which have been used for the
determination of sulfonamides, it consisted of 0.3% formic acid and acetronitrile
(Herrera-Herrera et al., 2013a), acetic acid (1%) and methanol (Sun et al., 2009),
formic acid (0.1%) and formic acid (0.1%) in acetonitrile (Ibarra et al., 2014), acetic
acid (0.5%) and acetonitrile (Malintan and Mohd, 2006), acetic acid (1%) and
acetonitrile (Shi et al., 2011). In this work, the mobile phase was a mixture of 0.20%
aqueous acetic acid and acetonitrile 70:30 (V/V). The flow rate was set 0.70 mL min™

with isocratic condition.
1.4.2 Stationary phase

The stationary phase is a powerful tool for the separation of constituents of
complex mixtures, and its selection is critical for the success of the analysis which are
being carried through the system by the mobile phase. The retention of the analyte on
the stationary phase is dependent on the contact surface area between the nonpolar
moiety of the analyte molecule and the stationary phase, both immersed in the
aqueous eluent. For this reason an analyte with a larger hydrophobic surface area is
more retained on the stationary phase, resulting in longer retention time compared
with an analyte with a smaller hydrophobic surface (Moldoveanu and David, 2013a).
The stationary phases are widely used such as C18, C8, phenyl, cyano, and perhaps



other functionalities. Different commercial C18 columns also often show different
separation selectivities, usually based on differences in silica supports or stationary
phase (Kirkland, 2004). In this study, a reversed phase VertiSep™ pH endure Cyg
column (5 pum particles size, 250 mm x 4.6 mm 1.D.) was used for the separation of

sulfonamides.

1.4.3 Detectors

The detection is based on the fact that the molecules of the sample have
physicochemical properties different from those of the mobile phase. The measured
properties are determined by the nature of the compound to be analyzed and that of
the mobile phase. The choice of a specific property for detection depends on factors
such as the extent of difference in a property from that of the mobile phase, sensitivity
of the detector to the specific property, and availability of the detector (Moldoveanu
and David, 2013b). The analyte detection can be performed using a variety of
detectors, some of which provide qualitative information for the compound. There are
many types of detector used for the quantification of sulfonamides, i.e., ultraviolet-
visible (UV-vis) (Sun et al., 2009; Tao et al., 2009; Huang et al., 2012; Yan et al.,
2014), diode-array detector (DAD) (Hela et al., 2003; Yu et al., 2012; Lian et al.,
2014), fluorescence (FLD) (Raich-Montiu et al., 2007; Arroyo-Manzanares et al.,
2014) and mass spectrometer (MS) (Gao et al., 2010; Xu et al., 2013; Zhao et al.,
2014a; Kung et al., 2015).

Ultraviolet-visible (UV-vis) detector is often considered to be one of the
most widespread detection techniques combined with liquid chromatography. UV-vis
detector is based on compounds selectively absorbing radiation in a concentration-
dependent (Beer-lambert law) manner. A basic system consists of a radiation source,
wavelength selector, and detector to measure the absorbance of the eluent passing
through a flow cell (Shackman, 2013). When working in this mode, the mobile phase
has a distinct absorptivity and the peaks are negative (lower absorptivity). The

detector and its data processing unit must be able to handle positive and negative



signals. An optical system with high energy and a large dynamic measurement range
are necessary.

Diode-array detector (DAD) is commonly used to record the ultraviolet and
visible (UV-vis) absorption spectra of samples that are passing through a high-
pressure liquid chromatograph. This enables qualitative information to be gathered
about the samples. An advantage to diode array detectors is the ability to select the
best wavelength for analysis. The most flexible design uses photodiode array
detection with the full continuum of radiation passing through the flow cell followed
by a fixed grating that spectrally resolves the emission onto an array of multiple
detection units (Shackman, 2013). Some features to consider when choosing a diode
array detector include resolution, wavelength range, low noise, baseline stability, peak
integration and an interchangeable flow cell design.

Fluorescence detector (FLD) is a highly selective and sensitive detection of
either natively fluorescent or derivatizable analytes. The selectivity offers the ability
to isolate detectable compounds from relatively complicated matrices, reducing the
burden on the separation itself. Sensitivity can be one to several orders of magnitude
better than absorbance detectors when using lamp-based radiation sources.
(Shackman, 2013). The FLD is based on the principle that some compounds fluoresce
when bombarded with UV light. The fluorescence process is consist of three stages;
(i) Formation of one or more excited state(s) by absorption (excitation), (ii) non-
radiative transitions between excited states and (iii) energy loss accompanied by
emission of radiation (White and Errington, 2005). If the compound of interest
fluoresces this is a very sensitive detector. The analyte is excited by light commonly
at 253.7 nm from a low pressure mercury lamp. The light is absorbed, the molecule is
excited, and it then gives off light of a different wavelength. This wavelength is
monitored by a detector which sits at right angles to the UV light source used to excite
the analyte. Analytes that are present at trace levels are commonly derivatized so that
they can be detected by fluorescence.



10

1.5 Sample preparations

Sample preparation is a key step prior to detection of analytes in various
matrices. It must be performed in order to extract analytes from different matrices, to
eliminate interfering effects of associated components and to reduce the detection
limit (Dmitrienko et al., 2014). Sample preparation can be achieved by employing a
wide range of techniques, but all methods have the same goal to remove potential
interference, increase the concentration of an analyte, convert an anlyte into a more
suitable form, and provide a robust, reproducible method that is independent of
variations in the sample matrix (Pavlovi¢ et al., 2007). An appropriate sample
preparation needs to minimize procedure step, reduces analysis time, and enhances
extraction efficiency, sensitivity and selectivity. The selective extraction of analytes is
based on differences in their chemical and physical properties. These typically include
molecular weight, charge, solubility (hydrophobicity), polarity, or differences in
volatility. The sample preparation techniques for the extraction and preconcentration
of sulfonamides are dispersive-liquid-liquid microextraction (DLLME), solid phase
microextraction (SPME), solid phase extraction (SPE) and magnetic solid phase
extraction (MSPE). A summary of sample preparation techniques for the

determination of sulfonamides are shown in Table 1.1.
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Table 1.1 Sample preparation techniques for the determination of sulfonamides

Extraction Sample LOD

. : . Recovery
Extraction Method Sample  time (min)  volume (mL Extractants ] References
P i) (mt) (gL (%)
Dispersive liquid-liquid (Herrera-
ISP g g water 3 5 Chloroform 0.41-9.87 78-117 Herrera et
microextraction
al., 2013b)
(Lin and
Liquid-liquid-liquid microextraction water 45 12 Organic solvent ~ 0.11-0.77 86-109 Huang,
2008)
: . : (Luetal.,
Solid phase microextraction meat 40 15 PDMS/DVB, 16-39 - 2007)
Waste (Balakrishn
Solid phase microextraction 20 25 Cw/DVB 9.04-55.3 29-112 anetal.,
water 2006)
Micro-solid phase extraction  (Diaz-
phase water 20 4.5 MIP sorbent 0.2-3.0 70-120 Alvarez et
(Molecularly imprinted polymer)
al., 2014)
) _ _ _ ) ) (Huang et
Micro-solid phase extraction milk 20 10 polypropylene  4.52-10.63 72-84 al., 2012)
In-line solid phase extraction water 15 4.75 HLB particles 0.38-0.56 52-109 (Laraetal.,
2009)
. . . : i i (Hou et al.,
Dispersive solid phase extraction pork 1 20 MWCNTSs 103-116 62-83 2013)
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Table 1.1 Sample preparation techniques for the determination of sulfonamides (Continued)

Extraction Sample LOD Recover
Extraction Method Sample  time (min)  volume (mL) Extractants 1 o Y References
(g L) (%)
(Raich-
Solid phase extraction water 25 250 HLB cartridges  0.15-1.0 70-104 Montiu et al.,
2007)
Solid phase extraction shrimp, S S (Shietal.,
(Molecularly imprinted polymer) fish MIP/SPE 8.4-10.9 855-106 2011)
Stir bar sorptive extraction milk 10 4 Cis 0.9-10.5 68-120 (YUZST;)HU’
Fe;04/Graphene i
Magnetic solid phase extraction water 20 1 oxide 50-100 67-120 (snggg)ve,
. . . Fe;04/Si0,/ i i (Luo et al.,
Magnetic solid phase extraction water 1 5 graphene 0.09-0.16 74-104 2011)
. . . . Fe30./SiO,/ ) ) (lbarraetal.,
Magnetic solid phase extraction milk 15 10 ohenyl 7-14 82-115 2014)
. . . L 0.024-
Magnetic solid phase extraction water 15 500 Magnetic mixed 0.033 70-102 (Sun et al., 2009)

hemicelles/SPE
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1.5.1 Liquid liquid extraction (LLE)

LLE is based on a transfer of analyte from the aqueous sample to a water-
immiscible solvent (Novakova and Vickova, 2009). It is involved the relative
solubility of analyte in two immiscible phases and governed by the equilibrium
distribution or partition coefficient. Extraction of an analyte is achieved by the
differences in solubilizing power (polarity) of the two immiscible liquid phases
(Ridgway et al., 2007). However, this technique has some disadvantages, i.e., use of
large sample volumes and toxic organic solvents, time-consuming, environmentally
harmful, unsuitability for hydrophilic compounds (Novakova and VI¢kova, 2009),
matrix interferences and emulsion formation. For the extraction of sulfonamides,
CHCI3; was used as extraction solvent and acetonitrile was used as disperser (Herrera-
Herrera et al., 2013b).

1.5.2 Solid phase extraction (SPE)

SPE involves a liquid-solid partition, where the extracting phase is a solid
sorbent and it has been used extensively to remove and concentrate trace organic
compounds from liquid samples. The key factor in SPE is the choice of sorbent,
which controls selectivity, affinity and the capacity of SPE. A choice of sorbents are
available using different mechanisms for extraction or retention of analytes (Ridgway
et al., 2007). The use of newly synthesized solid materials as sorbents in SPE is a
clear trend. All of them promise better selectivity and efficiency towards the target
analytes. SPE has become the most popular sample preparation method and was
commonly used for a wide range of compounds prior to LC analysis. It has many
advantages compared with LLE, such as high preconcentration factor, low
consumption of organic solvents and easy to operate (Li et al., 2007). Using SPE, the
separation occurs based on the analyte partition coefficient between the mobile phase
and the solid sorbent. The solid phase retains the analyte during removal of the
aqueous phase and subsequent washing to remove various components. Analyte was
then be desorbed by solvent or thermal desorption (Atapattu and Rosenfeld, 2013).
SPE procedures are normally consist of four steps as shown in Fig. 1.3.
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Conditioning: The sorbent was conditioned with a suitable solvent to
improve the reproducibility of the analytes retention and to reduce the impurities on
the surface of sorbents (Poole et al., 2000).

Sample loading: The sample is added to the cartridge with strong retention of
analyte. The sample should be passed through the cartridge without allowing the
cartridge to dry out.

Washing: The sorbent was washed with a solvent of intermediate strength for
the removal of interferences that are more weakly retained than the analyte. A small
volume of organic solvent may be added to the wash solution to aid in the removal of
more hydrophobic interferences, but care must be taken that the analyte of interest is
not removed at the same time.

Eluting: The retained of analyte on the solid phase was removed with a

suitable solvent that greater affinity for the analytes.

Conditioning Sample loading Washing Eluting

- _l_ _l_

"

ILIEL

meb

b o

a 4

| |

[ Analyte » Interferents =# o*]

Fig 1.3 Schematic representative the SPE procedure for the extraction of analyte
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There are many variations of this technique due to the extraction process, the
shape and size of the sorbent bed, and the type of absorbent material. There are
different types of solid phase adsorbents have been reported for the extraction of
sulfonamides such as OASIS hydrophilic lipophilic balanced (HLB) cartridges
(Koesukwiwat et al., 2007; Pailler et al., 2009), C18-coated stir bar (Yu and Hu,
2012) and molecularly imprinted polymer (MIP) (Shi et al., 2011; Diaz-Alvarez et al.,
2014).

1.5.3 Solid phase microextraction (SPME)

SPME is based on the partition equilibrium of the analytes between the liquid
or gaseous sample and a thin layer of adsorbent material, which is generally coated
onto the fused silica fiber. The coating material of the SPME fiber plays a key role for
the extraction since it affects the partitioning of the analytes between the coating and
sample matrix, and consequently affects the extraction efficiency of the SPME
method. An ideal fiber coating should have high extraction efficiency, high thermal
and solvent stability, long life time and strong adhesion between the coating and a
fused silica fiber (Li et al., 2014). In addition, SPME is potentially more cost-
effective than SPE since an individual fiber can be used for multiple extractions and
very little solvent is required for the overall process (McClure and Wong, 2007).
There are different types of polymeric material were used as an adsorbent layer for the
extraction of sulfonamides such as polydimethylsiloxane/divinylbenzene
(PDMS/DVB) (Lu et al, 2007), -carboxywax/divinylbenzene (CW/DVB)
(Balakrishnan et al., 2006).

1.5.4 Magnetic solid phase extraction (MSPE)

MSPE is a simple and reproducible method that can be a promising
alternative to standard SPE and LLE. Due to the magnetic nature of adsorbents and
the selectivity of magnetic separations, the technique can also be used for the
preconcentration of analytes from samples containing suspended solids. The magnetic

adsorbents in sample preparations provide a faster and easy way for the removal of
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the adsorbents from sample matrix, as the phase separation can be conveniently
realized by an external magnetic field (Xu et al., 2013). It avoided the time-
consuming column-passing process of loading large volume samples in traditional
SPE. In MSPE, magnetic sorbent is added to the solution or suspension containing the
target analyte. The analyte is adsorbed onto the magnetic sorbent whether under
stirring or standing. The sorbent with captured analyte is then recovered from the
suspension using an appropriate magnetic separator. The analyte is consequently
eluted from the sorbent and analyzed (Chen et al., 2011b). The separation mechanism
using magnetic nanoparticles depends on the type of sorbent, and is connected with
the interaction of analyte molecules with the surface functional groups of the bed, as
in classical extraction in the solid phase. The following types of interactions have
been recognized : ionic, dipole-dipole, dipole-induced dipole, hydrogen bonding and
dispersion forces. In a reversed phase (RP) system, where the surface of the sorbent
possesses a weak polar or non-polar nature, interactions are mostly hydrophobic and
van der Waals. In a normal-phase (NP) system, the bed surface possesses a polar
nature, which causes polar analytes and analytes having polar fragments to undergo
sorption on the surface of the sorbent. In this case, the retention mechanism of
analytes is based on hydrogen bonding, dipole-dipole interactions and m-m
interactions. More stable interactions, such as chemical bonding, are not used in
practice for separation because of their irreversibility (Wierucka and Biziuk, 2014).

The application of MSPE for different analytes are as shown in Table 1.2.



Table 1.2 Application of magnetic solid phase extraction
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Magnetic Analytical LOD Recovery
Analyte Sample _ ] N References
material coating method (Mg L) (%)
B-agonists Pork, MMIP HPLC-FLD 0.52-1.04 82-90, (Hu et al.,
2011)
pig liver 80.4-86.8
macrolide foodstuff MMIP HPLC-UV 0.015-0.2 ug g™ 82.5-111.8 (Zhou et al.,
2015)
nitrophenol water Fe304/PPy NPs HPLC-UV 0.3-0.4 84-109 (Tahmasebi et
al., 2013b)
PAHSs water Fe;0,4/C HPLC-FLD 0.15-0.91 ng L™ 79.5-110 (Yangetal.,
2014)
PAHSs water Fes04/MWCNTSs/ HPLC-FLD 5-10 ng L™ 92.0-97.7 (Bunkoed and
Kanatharana,
alginate 2015)
(Wang et al.,
pyrethroids tea drinks Fe;04/C/PANI HFLC-UV 0.025-0.032 72.1-118.4 2014b)
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Table 1.2 Application of magnetic solid phase extraction (Continued)

Magnetic Analytical LOD Recovery
Analyte Sample _ ] N References
material coating method (Mg L) (%)
bisphenol A water Fe304/C/CHI HPLC-FLD 1.92 99.4-102.6 (Geng et al.,
2012)
PAHSs water Graphene/Fe3O4/ GC/MS 0.009-0.020 83-107 (Mehdinia et
polythiophene al., 2015)
sulfonamides milk Fe304/Si0,/P(MAA- LC/MS/MS 0.5-49.5 87.6-115.6 (Gao et al.,
co-EGDMA) ng L 2010)
sulfonamides milk Fe304/SiO,/phenyl HPLC-DAD 7-14 81.88-114.98  (lbarraetal.,

2014)
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1.6 Materials for MSPE sorbent

Magnetic nanoparticles is one of the most exciting prospects in current
analytical nanotechnology because they can be easily separated from a matrix by
using a magnetic field without retaining residual magnetism after removal of the field.
The preparation of a magnetic material usually involves three steps, including the
synthesis of magnetic particle, the coating of the magnetic core and the modification
of the resultant core-shell structure (Giakisikli and Anthemidis, 2013). Functionalized
magnetic nanoparticles have distinct advantages over conventional adsorbents
because of their selective adsorptivity, favourable water dispersibility, and
biocompatibility (Bao et al., 2014). The effectiveness of the materials depends on the
characterization of superparamagnetic and have a high magnetic saturation value,
which means analyte-loaded sorbent can easily be separated from the sample
solutions via an external magnetic field, the small particles and usually on the
nanoscale which have large surface area, high adsorption capacity and rapid
adsorption rate, low amount of sorbent and short equilibrium time, specific
functionalities that can be selective for the analyte, can be recycled (Chen et al.,
2011b). MNPs are alternative to conventional SPE due to their small particle size,
characterized by a high specific surface area and sorption capacity, and high
selectivity regarding analytes with shorten the duration of the extraction process - a
small amount of sorbent. The advantages of MNPs such as it can be produced in large
quantity using a simple method with a relatively low cost compared with the
commercial SPE adsorbents of C18, and C8, their adsorption capacity is expected to
be high by considering their large surface area, they have strong magnetic properties
and high conducting capacity, and they have convenient and rapid collection of
analyte from adsorbent surface using of magnet elution, which avoids time-
consuming column passing or filtration (Li et al., 2012). The utilization of iron oxide
nanomaterials has received much attention due to their unique properties, such as
extremely small size, high surface-area-to-volume ratio, surface modifiability,
excellent magnetic properties and great biocompartibility (Xu et al., 2012). Magnetic
nanoparticles are prepared by a chemical co - precipitation method (Lee et al., 2012).
The method was involved the dissolution of a mixture of a solution of FeCls-6H,0
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and FeCl,-4H,0 in deionized water. The resulting solution was vigorously stirred at
80 °C and ammonium hydroxide was then added dropwise into the solution and it was
vigorously stirred for 1 hour under nitrogen atmosphere. Then, the black magnetic
particles were separated using a magnet and washed with 100 mL of water three
times, and then dried at 60 °C in an oven for 24 h. The chemical reaction of Fe;O,

precipitation is expected as follows (Kim et al., 2001; Jiang et al., 2014):
Fe?* + 2Fe** + B0OH  —> Fe30, (black colloidal particles) + 4H,0 (1.1)

The shape, size and quality of the magnetic particles is extremely sensitive to
synthesis conditions such as reaction time, temperature, reactant concentration, type
and amount of catalyst, quality of solvent, etc. A commercially available magnetic
beads usually feature a spherical morphology and a nano size of particles that may be
functionalized with different active groups (Aguilar-Arteaga et al., 2010). Magnetic
nanoparticle are generally coated with polymers, surfactants, inorganic materials or
low molecular weight chelating agents (Borlido et al., 2013). It has been successfully
applied in many fields, i.e., biosensor application (Zacco et al., 2007; Li et al., 2015;
Zhang et al., 2015), food analysis (Chen et al., 2015; Ebrahimzadeh et al., 2015;
Makkliang et al., 2015; Su et al., 2015) medical application (Hatupka-Bryl et al.,
2015; Mdller et al., 2015), environmental contamination (Bunkoed and Kanatharana,
2015) and antibiotic residues (Gao et al., 2012; Niu et al., 2012; Ma et al., 2014).

1.6.1 Silica coated magnetic nanoparticles

Silica is often used as a core material for the fabrication of core shell
nanostructures, mainly due to its unique properties. Spherical silica particles, with
diameters ranging from 5 nm to a few microns, suitable for use in the synthesis of
core-shell nanostructures, it can be prepared by using various methods. Silica
functionalization of magnetic materials is another widespread method of modification
because it offers several advantages such as it can be easily coated onto the surface of

iron oxide through the sol-gel process, can be easily modified with various silane-
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coupling agents or other compounds (e.g., titania and zirconia), are more stable than
bare iron oxides and silica can protect iron oxides from leaching under acidic
conditions. Finally, silica can also provide a chemically-inert surface for application
in biological systems and prevent iron oxides from agglomerating (Li et al., 2013).

Stober method is the most well-known technique which was applied through
a sol - gel reaction, which involved the use of alkoxy silane (mainly tetrathoxysilane,
TEOS) in basic media to form Fe304/SiO, (Lee et al., 2012). This method is
relatively simple, effective and works well for larger silica particles with diameters of
hundreds nanometer to a few microns. The Stober method involves mixing of ethanol
and ammonia (catalyst) often with a small amount of water followed by quick or slow
stepwise addition of TEOS, (Si(C,Hs0),), under continuous stirring. During synthesis
of silica particles, TEOS undergoes hydrolysis and condensation to form silica
framework, which can represented by the following reactions (Jankiewicz et al.,
2012)

Si(CoHs0)s +4H,0 ——  Si(OH)4 + 4C;Hs0OH (1.2)

Si(OH),4 —> Si0, +2H0 (1.3)

The use of silica as a coating layer to the magnetite nanoparticles not only in
enhancing the advantages of their high biocompatibility, hydrophilicity, dielectric
property and stability against degradation but also facilitates easy surface
modification due to the availability of abundant silanol group (-SiOH) on the surface
(Abbas et al., 2014). The Fe304/SiO; has been developed by using modified polyol
process in one step of synthesis. The product showed excellent stability against
oxidation annealed at 600 °C in presence of hydrogen gas (Abbas et al., 2014). Silica
coated magnetic nanoparticles have been applied in many applications as shown in
Table 1.3.

Table 1.3 Application of silica coated magnetic nanoparticles
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Analyte Sample Sorbent References
Heavy metal Waste water EDTA-chitosan/SiO,/Fe;04 (Ren et al.,
2013)
Cu(ll) , Pb(1l) Water samples  Fe304/SiO,/Triethylenetetramine (Mahmoud et
al., 2013)
u(vi) Waste water Fe304/Si0O,/Amidoxime (Zhao et al.,
2014b)
Flavonoids Urine samples  Hemimicells/Fe304/SiO, (He et al.,
2014)
sildenafil and its  biological Methylcellulose coated- (Tang et al.,
metabolite samples Fe304/SiO,/phenyl 2014)
sulfonamides environmental  Fe;04/ SiO,/graphene (Luo et al.,
water samples 2011)
sulfonamides poultry feed Fe304/SiO,/MIP (Kong et al.,
2012)
sulfonamides milk samples  Fe304/SiO/phenyl (Ibarraetal.,

2014)
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1.6.2 Polymer modified magnetic nanoparticles

Magnetic nanoparticles coated with polymer have attracted tremendous
interest, especially conducting polymer. There are many typed of polymer have been
used as a coating materials on the magnetic nanoparticles, such as polyaniline
(Asgharinezhad et al., 2014; Su et al., 2014; Wang et al., 2014b), polystyrene (Jainae
et al., 2010), polythiophene (Tahmasebi et al., 2013a; Mehdinia et al., 2015) and
polypyrrole (Bhaumik et al., 2013; Bagheri et al., 2014). Among these polymer
materials, polypyrrole (Fig. 1.4) is one of the most widely used that contributes in
many different extraction mechanisms including n-r interactions, polar interactions,
anion-exchange and hydrogen bonding.. It becomes one of the most important
conducting polymers due to its appreciable environmental stability, easier synthesis,
solubility in different solvents (Chakraborty et al., 2012). It was used as an excellent
sorbent material for the extraction of a wide variety of organic compounds, i.e.,
pesticide (Ahmadi et al., 2008; Mollahosseini and Noroozian, 2009; Chen et al.,
2011a; Jafari et al., 2014) naproxen (Bagheri et al., 2014), mycotoxin (Yu and Lai,
2007), auxins (Wang et al., 2014a), nitrophenols (Tahmasebi et al., 2013b), phthalate
ester (Asadollahzadeh et al., 2010), metal (Bhaumik et al., 2013; Sahmetlioglu et al.,
2014) and antibiotics (Szultka et al., 2010; Liu et al., 2012; Mazzotta et al., 2012).

Fig. 1.4 The molecular structure of polypyrrole
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1.7 Objective of the research

To develop a new magnetic solid phase extraction sorbent of
polypyrrole/SiO,/Fe3;0,4 for the extraction and preconcentration of sulfonamides from

water samples.

1.8 Benefits

It is expected to obtain a new sorbent that has a great potential for the
extraction of sulfadiazine (SDZ), sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX) in water samples with the advantages of easy to use,

inexpensive and reusable.
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CHAPTER 2

Results and discussion

2.1 Synthesis of polypyrrole/SiO,/Fe;O4 nanoparticles

Fe3O,4 nanoparticles were first prepared by a chemical co-precipitation
method (Han et al., 2012). Briefly, 4.70 g of FeCl3*6H,0 and 1.70 g of FeCl,*4H,0
were dissolved in 80 mL of deionized water. Under vigorous stirring at 80°C, 10 mL
of ammonium hydroxide (30% v/v) was added dropwise into the solution over a
period of 5 min and the stirring was continued for another 55 min during which time
the magnetic particles were formed. The particles were then separated using a
magnet, washed three times with 100 mL of water, and then dried at 60°C in an oven
for 24 h.

For SiO; coating, 2.0 g of Fe3O, nanoparticles were added into a solution
containing 100 mL of ethanol, 50 mL of deionized water and 2.0 mL of ammonium
hydroxide (30% v/v) and sonicated for 15 min., 2.0 mL of tetraethyl orthosilicate
(TEOS) was added dropwise into the solution while stirring at 300 rpm, 40 °C, after
which the solution was heated for 12 h. The SiO,/Fe3O, particles were collected by a
magnet, washed with 20 mL of methanol followed by 20 mL of deionized water,
respectively, and dried at 60 °C in an oven for 6 h.

In the next step, the SiO,/Fe;0, particles were washed with 5.0 mL of 2-
propanol before being incubated in 5.0 mL of pyrrole monomer for 1 h then washed
twice with 10 mL of 2-propanol to remove the pyrrole monomer residue. To
polymerize the pyrrole, 0.64 g of FeCl; (oxidant) was dissolved in 20 mL of 2-
propanol and added into the pyrrole/SiO,/Fe;0, in a rotator tube. The polymerization
was completed on a rotator mixer for 9 h. The polypyrrole/SiO,/FesO4 were then
washed twice with 10 mL of 2-propanol, methanol and deionized water,

respectively. The particles were dried at 60 °C in an oven for 6 h.
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2.2 Optimization of HPLC conditions

To obtain the best performance (high sensitivity, good resolution, and short
analysis time) a number of the operation conditions of the HPLC were optimized for
the analysis of sulfonamides. The optimum absorbing wavelength of sulfonamides
was first investigated. Then a mixed standard solution of four sulfonamides was
analyzed at the optimum wavelengths (with a mobile phase flow rate of 0.70 mL
min?, a 30 °C column temperature and a 20 pL sample volume) to obtain the
optimum compositions of the mobile phase (% acetic acid and acetronitrile).

The optimum HPLC conditions for the determination of sulfonamides were
found to be as follows. The mobile phase was a mixture of 0.20% acetic acid and
acetronitrile (70:30 v/v). The optimum ratio of mobile phase was considered from
the resolution (Rs = 1.70) that provided the acceptable values (Rs > 1.5) (Snyder and
Kirkland, 1979). At the ratio of 0.20% acetic acid (80%) and acetronitrile (20%),
although the resolution was acceptable (Rs= 2.0), sulfonamides were retained on the
stationary phase longer due to the increasing of hydrophobic interaction. While the
ratio of 0.20% acetic acid (60%) and acetronitrile (40%), It showed a poor
resolution, Rs < 0.5, due to the mobile phase has more hydrophobic then it increased
the interaction between analyte and mobile phase, thus, the retention time was
become early. A flow rate of mobile phase was 0.70 mL min™. The optimum
absorption wavelength was at 270 nm. These conditions provided a good peak
separations of sulfadiazine, sulfamerazine, sulfamethazine and sulfamonomethoxine
with retention times of 8.04, 9.63, 11.03 and 13.48 min, respectively (Fig 2.1).



27

1.6 -
SDZ
—~1.2 o SMz
3 SMT
L
[<B]
208 - SMX
o
o
g
0.4 -
0-0 L] L] L] L] L
0 4 8 12 16 20
Time (min)

Fig 2.1 Chromatograms of sulfadiazine, sulfamerazine, sulfamethazine and

sulfamonomethoxine (10 pg L™)

2.3 Characterization of polypyrrole/SiO,/Fe;O4 sorbent

The FT-IR spectra of the Fe3O4, SiO./Fe304 and polypyrrole/SiOy/Fes0y
nanoparticles are shown in Fig. 2.2A. It can be seen that the characteristic peak of
Fe;0, appeared at 587 cm™ (Fe—O stretching). The presence of an absorption peak at
1083 cm™ (Si-O-Si) indicated the formation of a silica coating on the FesO, surface.
The peaks of 1556 cm™ and 1480 cm™ in Fig. 2.2A (c and d),were related to the
absorption of the pyrrole ring, and indicated the successful coating of the
polypyrrole onto the surface of SiO,/Fe;O,4 nanoparticles. The SEM morphology of
the polypyrrole/SiO,/Fe;0,4 (Fig. 2.2B) confirmed that the magnetic sorbent were
fairly uniform in size and shape, with and average particle size of 70 + 10 nm
(n=100). Fig. 2.2C illustrates the dispersion and agglomeration processes of the
polypyrrole/SiO,/Fe3O, nanoparticles. The homogeneously dispersed magnetic
nanoparticle adhered to the side wall of the vials when the external magnetic field

was applied, and the solution became transparent within 1 min.
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Fig. 2.2 (A) FT-IR spectra of Fe30, (a), SiO2/Fe30, (b) , polypyrrole/SiO,/Fes;04 (C)
and polypyrrole (d), (B) SEM image of polypyrrole/SiO,/Fe30q4, (C) the
dispersion (left) and separation (right) process of polypyrrole/SiO,/Fe;04
sorbent by an external magnet
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2.4 Optimization of the magnetic solid phase extraction procedure

Polypyrrole/SiO,/Fe;0,4 nanoparticles were used as the MSPE sorbent in an
extraction procedure. The initial conditions used in the extraction were as follows.
After 100 mg of polypyrrole/SiO,/Fe;O4 the nanoparticles were conditioned in a vial
with 2.0 mL of methanol and deionized water, respectively, 5.0 mL of spiked water
sample was added and stirred for 30 min. The sorbents, with bound sulfonamides,
were then separated using a magnet and the solution was descanted. The analytes
were desorbed from the sorbent with 5.0 mL of methanol by sonication for 30 min.
The desorption solvent was then evaporated to dryness at 50°C, redissolved in 0.5
mL of methanol and filtered through a PTFE filter (0.22 um) for further HPLC
analysis.

To obtain the maximal extraction efficiency, the main affecting parameters
were optimized by varying one parameter at a time, while the others were kept
constant. These included the amount of the sorbent, sample pH, extraction time,
desorption conditions and effect of the ionic strength. Each experiment was done in
triplicate. The extraction efficiency was evaluated in terms of recovery. The
optimizations were performed using 5.0 mL of water sample (known to be free of
sulfonamides) spiked with a standard solution to obtain a final concentration of 20
Hg L™ of each sulfonamide that could be detected by the DAD. When an optimal
condition of a parameter was obtained it was used for the optimization of the next

parameter.

2.4.1 Type of sorbent

The extraction capabilities of the magnetic (Fez0,), silica coated magnetic
(SiOy/FesO4) and  polypyrrole  coated  silica-magnetic ~ nanoparticles
(polypyrrole/SiO,/Fe30,4) are shown in Table 2.1 and Fig. 2.3. The recoveries of the
sulfonamides significantly increased in the presence of polypyrrole, and indicated
that the polypyrrole had a significant influence on the extraction process because it

can adsorbes sulfonamide via the w-w interaction.
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Table 2.1 Recoveries of sulfonamides (20 pg L™) at various type of sorbent (n=3)

Recovery (%)
Type of sorbent
SDzZ SMZ SMT SMX
Fes0y 8.3+2.3 10.51+0.65  6.07+0.61 3.86+0.43
SiO,/Fe30, 7.78+0.73 14.0+1.4 4.7+1.1 5.6+1.1

Polypyrrole/SiO,/Fe;04 88.5+4.1 86.1+4.1 85.1+3.1 90.7+4.8
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Fig. 2.3 Effect of type of sorbents on the recoveries of sulfonamides; sulfadiazine
(SDZ), sulfamerazine (SMZ), sulfamethazine (SMT) and

sulfamonomethoxine (SMX)
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2.4.2 Amount of polypyrrole/SiO,/Fe;O,4 sorbent

The effect of the amount of polypyrrole/SiO,/Fe;O4 was investigated over
the range of 10, 20, 40, 60, 80 and 100 mg. The amount of sorbent that provided the
highest adsorption efficiency was selected. The recoveries of sulfonamides at
various amount of polypyrrole/SiO,/Fe;O,4 sorbent were shown in Table 2.2 and Fig.
2.4. The recoveries increased with the sorbent amount from 10 to 20 mg, and then
remained constant. That is, 20 mg of sorbent was sufficient for the extraction of
sulfonamides and was selected for subsequent experiments. This is much less than a
traditional C18 SPE cartridge, using ca. 50—100 mg of sorbents, The result indicated
that the developed polypyrrole/SiO,/Fe;04 nanoparticle sorbent had a high
adsorption efficiency, and a satisfactory extraction efficiency was achieved by using

a much lower amount of sorbent than any previous commercial SPE sorbents.

Table 2.2 Recoveries of sulfonamides (20 pg L™) at various amount of sorbent

(n=3)
Amount of Recovery (%)
sorbent (mg) SDZ SMZ SMT SMX
10 61.8+2.8 64.9+2.2 64.6+5.2 72.942.0
20 87.1+2.8 87.2+0.13 91.7+1.3 87.5+2.9
40 86.6+2.4 87.0+1.8 88.7+1.7 85.945.9
60 88.9+1.4 86.1+2.7 91.143.7 91.9+4.1
80 88.6+5.2 87.3+2.6 927415 80.8+2.9

100 87.7+2.9 85.4+3.1 91.9+24 82.745.7
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Fig. 2.4 The effect of the amount of polypyrrole/SiO,/Fe;O, sorbent on the
extraction efficiency of sulfonamides; sulfadiazine (SDZ), sulfamerazine
(SM2), sulfamethazine (SMT) and sulfamonomethoxine (SMX)

2.4.3 pH of the sample

Sample pH plays an important role in the adsorption of target analytes on
the sorbent. Its influence was investigated, i.e., 3.0, 5.0, 6.0, 7.0, 8.0 and 9.0 by
adjusting with HCI or NaOH. The results showed that at pH 6.0 and 7.0, in which
sulfonamides are in a neutral form (Herrera-Herrera et al., 2013), A high recovery of
>80 % was obtained for all tested sulfonamides (Table 2.3 and Fig. 2.5). At a
sample pH lower than 6.0, the extraction efficiency was reduced, probably because
of the protonation of the amine group of the analyte making it more difficult to form
hydrogen bond with the sorbent. The extraction efficiency also decreased at a pH
value above 7.0 but as a result of the anionic nature of sulfonamides since they
would become more negatively charged hence, the =m-m interaction between
sulfonamides and the sorbent would be reduced. Since, the water samples pHs are

normally in the range of 67, there will normally be no need to adjust their pHs.
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Table 2.3 Recoveries of sulfonamides (20 ug L™) at various pH of the sample (n=3)

Recovery (%)
pH
SDZ SMZ SMT SMX
3 42.4+3.7 43.1+2.0 44.8+3.3 41.7+4.9
5 79.8+5.2 80.2+2.9 79.5+5.3 81.8+1.7
6 88.3+2.3 91.3+3.6 87.0+2.8 89.4+1.8
7 89.8+3.7 91.8+2.3 88.0+3.5 90.2+1.5
8 82.3+3.2 83.7+1.9 83.7+2.0 83.0+4.8
9 68.2+6.5 65.3+2.6 71.6+2.7 68.3+4.0
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Fig. 2.5 Effect of the water samples pH on the extraction of sulfonamides;
sulfadiazine (SDZ), sulfamerazine (SMZ), sulfamethazine (SMT) and

sulfamonomethoxine (SMX)
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2.4.4 Extraction time

Extraction time, the time required for the adsorption of the analyte from the
sample solution into the sorbent, was also an important parameter which can affect
the extraction efficiency. The extraction time was investigated in the range of 2, 5,
10, 20, 30 and 40 min to achieve the best extraction efficiency with the shortest
analysis time. The extraction efficiency increased with extraction time from 2 to 20
min, after which it remained almost constant (Table 2.4 and Fig. 2.6). Therefore,

the extraction time of 20 min was selected for further studies.

Table 2.4 Recoveries of sulfonamides (20 pg L™) at various extraction time (n=3)

) Recovery (%)
Extraction
time (min)
SDz SMz SMT SMX

2 41.98+0.89 43.3+2.9 39.1+2.8 42.5+4.0
5 46.745.2 47.2+43.2 46.1+6.9 50.6+4.5
10 67.6+4.0 66.5+4.6 66.1+2.8 66.9+3.0
20 87.7+3.1 83.3+3.6 82.8+3.0 88.3+4.2
30 85.9+2.5 82.67+0.89 86.3+3.7 87.6+3.1

40 80.2+4.0 75.36+0.60 76.7+1.0 81.0+3.2
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Fig. 2.6 The effect of the extraction time on the recovery of sulfonamides;
sulfadiazine (SDZ),sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX)

2.4.5 Desorption solvent, volume and time

The selection of an appropriate solvent to desorb the analytes from the
sorbent prior to instrumental analysis was important in a MSPE procedure. Since, the
adsorption of sulfonamides onto the polypyrrole/SiO./Fe3;04 nanoparticles was based
on m-7 interaction, the desorption solvents of different polarities needed to be
considered. Methanol, acetonitrile, acetone, propanol, ethyl acetate and hexane were
investigated. The results indicated that when the slightly non-polar (propanol, ethyl
acetate) and non-polar (hexane) solvent were used a low desorption efficiency was
obtained (Table 2.5 and Fig. 2.7) probably because the polypyrrole/SiO,/Fe;04
sorbent could not be dispersed well in these solvent. For the other three solvents
methanol provided the highest desorption efficiency, with acetonitrile and acetone
providing a slightly lower value. Therefore, methanol was further employed.

Another advantage of using methanol was that, after desorption the solvent must be
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removed and methanol evaporated faster than acetonitrile due to its lower boiling
point.

To obtain the highest desorption efficiency by using the smallest volume of
desorption solvents, its volume was varied from 1.0, 2.0, 3.0, 4.0 and 5.0 mL. The
desorption solvent with smallest volume that provided the highest recovery was
chosen. The results showed that all analytes could be completely desorbed from the
sorbent by sonication with 3.0 mL of methanol (Table 2.6 and Fig. 2.8).

The effect of the desorption time on the desorption amount of sulfonamides
was also investigated from 5, 10, 20 and 30 min. The shortest desorption time that
provided the highest recovery was selected. As for the desorption time 20 min was
sufficient to obtain the maximum desorption efficiency for all analytes (Table 2.7
and Fig. 2.9).

Table 2.5 Recoveries of sulfonamides (20 pg L™) at various desorption solvent

(n=3)
Recovery (%)
Type of desorption solvent
SDZ SMzZ SMT SMX
Methanol 88.7+29 86.1+3.4 86.5+3.5 87.0+3.2
Acetronitrile 85.8+3.5 82.8+2.1 81.5+4.6 82.8+6.1
Acetone 84.5+6.0 80.2+3.4 77.1+4.6 79.4+4.6
Propanol 41.3+3.3 43.3+4.3 40.9+5.0 43.7+2.8
Ethyl acetate 32.8+4.3 31.3+6.4 345+3.2 28.6+3.2

Hexane 7.9440.67 6.7340.29 6.59+0.58 7.0+1.3
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Fig. 2.7 Effect of desorption solvent on the recovery of sulfonamides; sulfadiazine

(SDZ),sulfamerazine (SMZ), sulfamethazine (SMT) and

sulfamonomethoxine (SMX)

Table 2.6 Recoveries of sulfonamides (20 pg L™) at various desorption volume

(n=3)
Recovery (%)
Desorption
volume (mL) sDz smz SMT SMX

1.0 42.0+3.4 42.5+4.5 42.945.5 45.0+1.9
2.0 58.7+3.7 59.8+3.9 63.5+1.8 65.1+1.6
3.0 86.2+2.8 88.34+0.68 86.8+3.1 89.9+1.4
4.0 84.8+2.8 86.5+1.9 86.4+1.8 90.6+1.3
5.0 86.4+1.5 91.0+2.3 87.1+1.5 92.2+41.2
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Fig. 2.8 Effect of desorption volume on the recovery of sulfonamides; sulfadiazine
(SDZ),sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX)

Table 2.7 Recoveries of sulfonamides (20 pg L™) at various desorption time (n=3)

Desorption
Recovery (%
time (min) y (%)
SDZ SMZ SMT SMX
5 70.0+2.3 69.32+0.85 67.9+1.2 63.5+2.7
10 79.445.1 77.242.2 72.6+4.9 68.8+2.3
20 90.1+2.5 83.8+4.0 82.9+3.0 83.945.7

30 84.8+2.2 85.5+2.8 87.4+2.4 83.2+3.4
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Fig. 2.9 Effect of desorption time on the recovery of sulfonamides; sulfadiazine
(SDZ),sulfamerazine (SMZ), sulfamethazine (SMT) and
sulfamonomethoxine (SMX)

2.4.6 Desorption temperature

The effect of the desorption temperature was studied from 30 to 50 °C in
which the extraction efficiency increased with the desorption temperature and
reached the highest level at 45 °C (Table 2.8 and Fig. 2.10). A lower efficiency at a
lower desorption temperature may be caused by a slower diffusion rate of the analyte
from the sorbent to the desorption solvent while the higher temperature may result in
the volatilization of the desorption solvent, thus, the solvent volume was reduced.
Therefore, 45 °C was used for further experiments.
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Table 2.8 Recoveries of sulfonamides (20 pg L) at various desorption temperature

(n=3)
Desorption
Recovery (%)

temperature
(’C) SDz SMZ SMT SMX
30 85.4+6.2 56.6+4.9 56.8+2.7 60.8+2.0
40 68.8+5.1 65.4+3.5 68.5+3.7 71.4+5.1
45 87.6+4.1 86.9+1.7 86.5+2.1 88.2+4.0
50 84.4+6.2 84.9+3.8 82.6+4.4 86.2+5.6
100 - BSDZ BSMZ BSMT BSMX

I

it

Recovery (%)
D
o
SR

N
o
525

8 %
o P
E;E;E

N
o
55

"_
Tatets

S5

Temperature (°C)

Fig. 2.10 The effect of desorption temperature on the recovery of sulfonamides;
sulfadiazine (SDZ),sulfamerazine (SMZ2), sulfamethazine (SMT) and

sulfamonomethoxine (SMX)
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2.4.7 Effect of ionic strength

The mechanism of mass transfer of the analytes in the MSPE can be
influenced by the ionic strength (Rahimi and Noroozian, 2014) because the solubility
of analytes in the aqueous phase was reduced when the ionic strength was increased,
and the analytes that partitioned into the adsorbent was enhanced (Bagheri et al.,
2014). The effect of ionic strength on the extraction efficiency of sulfonamides using
polypyrrole/SiO,/Fe3O, sorbent was investigated by varying the concentration of
NaCl in the water sample over the range of 0, 2, 5 and 10 % (w/v). The results
showed that the ionic strength had a negative effect on the extraction efficiency
(Table 2.9 and Fig. 2.11) probably because the increase of the salt concentration
increased the solution viscosity, hence, this reduced the diffusion rates of analyte
from the water to the sorbent, hence, there was decreased extraction efficiency

(Tahmasebi et al., 2013). Therefore, no salt was added to the sample solution.

Table 2.9 Recoveries of sulfonamides (20 ug L™) at various concentration of NaCl

(n=3)
Concentration
Recovery (%)

of NaCl

(Yow/v) SDz sSMZ SMT SMX
0 89.4+3.8 87.7+1.5 85.0+2.7 86.7+3.5
10 88.2+2.1 85.6+5.6 83.8+4.9 85.1+2.6
20 77.9+5.5 76.8+3.5 77.6+3.3 79.9+1.4

30 74.3+4.3 74.3+4.9 74.942.4 76.6+4.0
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Fig. 2.11 The Effect of ionic strength on the recoveries of sulfonamides; sulfadiazine

(SDZ),sulfamerazine (SMZ), sulfamethazine (SMT) and

sulfamonomethoxine (SMX)



Summary of optimum conditions for the MSPE using

polypyrrole/SiO,/Fe30,4 sorbent are shown in Table 2.10.
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Table 2.10 Optimization of magnetic solid phase extraction for the determination of

sulfonamides using polypyrrole/SiO,/Fe;O,4 sorbent

Parameter

Investigated values

Optimum conditions

Amount of polypyrrole/SiO,/Fe;04

sorbent (mg)
pH of the sample
Extraction time (min)

Desorption solvent

Desorption volume (mL)
Desorption time (min)

Desorption temperature (°C)

Concentration of NaCl % (w/v)

10, 20, 40, 60, 80, 100

3,56,7,8,9

2, 5,10, 20, 30, 40

Methanol, Acetonitrile, Acetone,
Propanol, Ethyl acetate, Hexane
1.0, 2.0,3.0,4.0,5.0

5, 10, 20, 30

30, 40, 45, 50
0,2,5,10

20

6,7
20

Methanol

3.0
20

45
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2.5  Analytical performances and method validation

Under the optimum conditions of the polypyrrole/SiO,/Fe;04 sorbent and
HPLC system, the analytical performances were evaluated, i.e., the linear range, the
limit of detection (LOD), the limit of quantification (LOQ), the precision and

accuracy, the reproducibility and the reusability.

2.5.1 Linear range

The linearity of an analytical method is important in a quantitative analysis.
It is defined as the ability to obtain the results which are directly proportional to the
concentrations (amount) of the analyte in a sample (within a given concentration
range). The linear range of the developed method was investigated using standard
solutions of SDZ, SMZ, SMT and SMX in the concentrations ranged from 0.10 to
200 pgL™ (triplication for each concentration). The linear ranges were plotted
between the peak area versus the concentration of analytes (ug L™), the linear range
is achieved when the coefficient of determination (R?) is equal or greater than 0.99.
The calibration plot of the peak areas versus sulfonamides concentrations in spiked
deionized water provided a wide linear range and good linearity (R?> > 0.997) as
shown in (Table 2.11, Fig 2.12 — 2.15)
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Fig. 2.13 Linearity of sulfamerazine
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2.5.2  Limit of detection (LOD) and limit of quantification (LOQ)

The limit of detection (LOD) is the smallest amount or concentration of an
analyte in the test sample that can be reliably distinguished from zero (IUPAC,
2002). The LOD is determine by comparing measured signals from samples with
known low concentrations of analyte with those of blank samples and establishing
the minimum concentration at which the analyte can be reliably detected according
to base on the signal-to-noise ratio of 3 (S/N=3) (ICH, 1999) .

The limit of quantification (LOQ) is the lowest concentration of analyte in
the sample can be determined with acceptable performance (EURACHEM, 1998).
The LOQ is performed by comparing measured signals from samples with known
low concentrations of analyte with those of blank samples and establishing the
minimum concentration at which the analyte can be reliably quantified according to
based on signal-to-noise ratio of 10 (S/N=10) (ICH, 1999).

The LOD and LOQ were very low in the pg L™ as shown in Table 2.11.

Table 2.11 Analytical performances of polypyrrole/SiO,/Fe3;O,4 sorbent for the

extraction of sulfonamides

Linear Regression linear equation ) LOD LOO
Compounds range gLy (ug LY
(g L™ i i
SDz 0.30-200 y=(0.685+0.007)x+(0.512+0.053)  0.9990 0.30 1.0
SMz 0.30-200 y=(0.839+0.013)x+(1.29+0.92) 0.9978 0.30 1.0
SMT 1.0-200 y=(0.986+0.010)x+(0.95+0.73) 0.9992 1.0 4.0
SMX 1.0-200 y=(0.995+0.006)x-(0.04+0.43) 0.9997 1.0 4.0
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2.5.3 Precision

Precision is the closeness of agreement between independent test results
obtained under optimum conditions. It is usually determined in terms of the relative
standard deviations (RSDs). Five water samples spiked with the standard SDZ,
SMZ, SMT and SMX solution at the concentrations of 5.0, 20.0 and 100 pg L were
analyzed (five replications for each concentration). The RSDs from each
concentration were used to indicate the precision of the developed method. The
RSDs were less than 6%. These values were better than that of the accepted RSDs as
recommended by the AOAC method (RSD=15%) indicating that the developed
method based on the use of the polypyrrole/SiO./Fe;O,4 sorbent and analysis by
HPLC-DAD are suitable and reliable to be used as the sample preparation technique

for the determination of sulfonamides at low concentration.

2.5.4 Accuracy

The accuracy of an analytical procedure can be described as the closeness
of agreement between the true value or an accepted reference value and the found
value. The recovery was performed by spiking a mixture of sulfonamides standard
into water samples (known to be free of sulfonamides) to obtain the concentration of
5.0, 20.0 and 100 pg L™. The spiked sample were extracted and analyzed under the
optimum conditions. The recovery (%) is calculated as (AOAC, 2012):

Recovery (%) = (Cf — Cu) x 100/Ca
where
Ca is the calculated (not analyzed) concentration of analyte added to the test
sample

Cf is the concentration of the fortified (spiked)

Cu is the concentration of the unfortified (control sample)
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The recoveries of all tested sulfonamides in water samples were in the

range of 86.7 to 99.7 % (Table 2.12). The recoveries were in the acceptable range of
70-110% (AOAC, 2012) indicated that there was no effect from the matrix
composition of the water samples. It can be concluded that the developed sorbent is

suitable for extraction and determination of trace sulfonamides in real water samples.

Table 2.12 Recoveries of sulfonamides in real water samples (n=5)

Water Added Recovery (%)
samples (hg L) sDz SMZ SMT SMX
5 93.8+ 4.2 4.8+ 2.7 97.1+ 14 95.6 + 3.7
Tap water 20 89.8+ 5.3 93.7 + 4.3 96.6 + 2.4 94.2 + 3.6
100 91.8+45 86.7 + 3.1 90.8 5.3 902 +4.1
5 94.8 + 4.0 955+ 2.0 93.6 +3.7 942+ 4.2
River water 20 89.2+ 2.0 92.0+ 1.0 93.4+ 3.8 91.8 + 3.0
100 86.7 + 3.0 90.0 +3.0 93.0 + 1.5 91.2 + 4.8
5 95.0 4 2.9 99.7+ 4.6 93.7+4.2 97.0+ 16
Lake water 20 97.7+25 919+10 96.2+4.2 95.4+3.3
100 93.042.1 90.1+4.9 87.6+ 3.0 92.1+3.1
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2.5.5 Reusability

Reusability of the developed sorbent was investigated to reduce
preparation time of the sorbent and reduce the analysis cost. Five pieces of the
polypyrrole/SiO,/Fe30, sorbent were used in this study. Each piece was used to
extract SDZ, SMZ, SMT and SMX from the standard solution (20 pg L™) and after
desorption step, the target analytes were quantified. After desorption the used
polypyrrole/SiO,/Fe30,4 sorbent was washed by stirred for 1 min in 2.0 mL methanol
and 2.0 mL deionized water, respectively, prior to next used. The extraction
procedures were then repeated until the recoveries decreased to below 80 % of the
initial value. After washing the sorbent was tested with a blank sample where no
HPLC response was observed which indicated that there was no carry-over of the
analytes. The developed sorbent could be reused for up to 16 times (Fig 2.16) while
maintaining recoveries of sulfonamides > 80 % which were in acceptable value 80-
110% (AOAC, 2012).

LU HIHH TN
S L]

0 2 4 6 8 10 12 14 16 18 20 22

Number of extraction

Fig. 2.16 Reusability of the polypyrrole/SiO,/Fe;O,4 sorbent for extraction of
sulfonamides (20.0 ug L ™) from spiked deionized water (n=5)
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2.5.6 Reproducibility

The preparation of the polypyrrole/SiO,/Fe;O,4 sorbent was investigated
in term of batch-to-batch reproducibility. Six different batches were used to extract
sulfonamides (20.0 ug L) in spiked deionized water under the same conditions. The
averages of the recoveries and relative standard deviations (%RSD) were used to
indicate the batch-to-batch reproducibility for each analyte. The results are as shown
in Table 2.13. These were better than the acceptable values recommended by the
AOAC (recovery = 80-110%, RSD = 32%), and indicated that the preparation
procedure of the polypyrrole/SiO,/Fe;0,4 sorbent has a good reproducibility.

Table 2.13 Recoveries of sulfonamides after extraction with polypyrrole/SiO,/Fe;0,

sorbent
Number of Recoveries (%)
sorbent
SDz SMZ SMT SMX
1 89.8 91.8 88.0 90.2
2 90.1 83.8 82.9 83.9
3 87.1 87.2 91.7 87.5
4 87.7 83.3 82.8 88.3
5 88.7 86.1 86.5 86.9
6 86.2 88.3 86.8 90.0
Average 88.2 86.7 86.5 87.8

RSD (%) 17 3.6 3.9 2.7
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2.5.7 Comparison of the sorbents

The efficiency of the developed sorbent was compared to a commercial
SPE sorbent, HLB. HLB was conditioned with 2.0 mL of methanol followed by 2.0
mL of deionized water and then loaded with 5.0 mL of spiked water sample (20 pg
L™ of sulfonamides), desorbed with 3.0 mL of methanol and detected by HPLC-
DAD. The average recoveries of the two sorbents were statistical compared by the
paired t-test. The results showed that similar recoveries were obtained (Table 2.14
and Fig. 2.17) and there were no significant difference between the two sorbents (P
> 0.05). The advantages of the developed method over the traditional SPE sorbent
that they were simpler to use, required a shorter extraction time and used less
solvents consumption. In addition, the polypyrrole/SiO,/Fe;O,4 sorbent could be
reused for a maximum of 16 times, whereas any commercial HLB sorbent cannot be

reused.

Table 2.14 Recoveries of sulfonamides (20 pg L™) after extraction with
polypyrrole/SiO,/Fe;0,4 sorbent and the commercial HLB cartridges
(n=3)

Recovery (%)
Type of sorbent

SDZ SMZ SMT SMX

Polypyrrole/SiO,/Fe;04 89.2+2.1 89.0+2.5 88.6+1.6 92.0+3.9

HLB 87.7+3.4 90.7+4.4 89.0+3.6 91.4+4.8
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Fig. 2.17 The extraction efficiency of sulfonamides in spiked deionized water, a
comparision between the polypyrrole/SiO,/Fe;0,4 sorbent and the

conventional HLB cartridge

2.6 Analysis of sulfonamides in water samples

Qualitative analysis was carried out by comparing the retention time of
the SDZ, SMZ, SMT and SMX from the chromatogram of an unknown sample to
the one of spiked standard solution in the sample under the same conditions.

The developed polypyrrole/SiO,/Fe;O4 sorbents were applied to extract
sulfonamides from tap water from a laboratory, other samples were collected from
Wong and U-Tapao canals in Hat Yai city, Songkhla, Thailand, and Songkhla Lake,
Thailand. Each water sample was filtered through a 0.45 um membrane to remove
suspended particles and stored in a brown glass bottle at 4 °C. These samples were
extracted and analyzed under the optimum conditions.

The optimum condition of the polypyrrole/SiO,/Fe;O4 sorbent and
HPLC-DAD system were used to determine SDZ, SMZ, SMT and SMX in tap
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water, canal and lake water samples. The average retention time of SDZ, SMZ, SMT

and SMX in the water samples and spiked samples were similar (Fig. 2.18).
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Fig. 2.18 Chromatograms of spiked water sample canal (10.0 pg L™) without

extraction (a) and with extraction using polypyrrole/SiO,/Fe;0,4 sorbent

(b)

The matrix interferences have a significant effect on the sample
preparation procedure. The interfering compounds may strengthen or reduce the
signal, and the magnitude of the effect may also depend on the concentration (Bruce
et al., 1998). Prior to the quatitative analysis of SDZ, SMZ, SMT and SMX in the
real samples, the effect of the sample matrix on the analytical performances of the
developed method was evaluated. Each type of the samples was spiked with known
concentrations of mixture of sulfonamides standard solution to obtain the spiked
samples over the concentration of 1.0, 5.0, 10.0, 20.0, 50.0 and 100.0 ug L™ A
standard solution of SDZ, SMZ, SMT and SMX was also prepared in 5.00 mL of

deionized water in the same concentration range. Both the spiked samples and the
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standard solutions were extracted and analyzed under optimum conditions. The
effect of the matrix interferences were evaluated by comparing the slopes of the
standard calibration curve and the spiked curve using two-way ANOVA (analysis of
variance). Their slopes were compared, when the slope of the matrix matched and
the standard calibration curves were significantly different, the matrix matched
calibration curve must be used to analyze the sulfonamides in real samples. In
contrast, the standard calibration curve can be used for the analysis if their slopes
showed no significant differences.

In this work, the matrixes were not significant different for all type of water
samples (P>0.05). Examples of standard and matrix matched calibration curve of
sulfonamides are shown in Fig 2.19 to 2.22. The standard and matrix matched
calibration curve parameters of sulfonamides are summarized in Table 2.15. Then
standard curve was used for the quantitative analysis of sulfonamides in water

samples.
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Table 2.15 The comparison between standard and matrix matched calibration curve of sulfonamides obtained from MSPE followed by

HPLC-DAD
Regression equation R?
Sulfonamides P-value

Standard curve Spiked curve Standard  Spiked

curve curve
sulfadiazine y=(0.7199+0.0090)x+(0.01+0.41) y=(0.724+0.018)x+(0.41+0.85) 0.9991 0.9975 0.43
sulfamerazine y=(0.9064+0.0090)x+(0.47+0.41) y=(0.945+0.028)x-(0.6+1.3) 0.9964 0.9995 0.76
sulfamethazine y=(1.023+0.020)x+(0.8+1.0) y=(0.963+0.032)x+(3.2+1.6) 0.9989 0.9967 0.88

sulfamonomethoxine  y=(1.026+0.010)x-(0.85£0.53)  y=(0.992+0.029)x+(0.9%1.5) 0.9997  0.9974 0.34
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Fig. 2.19 Standard curve and spiked curve of sulfadiazine in water sample
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Fig 2.20 Standard curve and spiked curve of sulfamerazine in water sample
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Fig. 2.21 Standard curve and spiked curve of sulfamethazine in water sample
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Fig. 2.22 Standard curve and spiked curve of sulfamonomethoxine in water sample
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CHAPTER 3
Concluding remarks

A novel, simple and cost effective magnetic solid phase extraction of
polypyrrole/SiO,/Fe304 sorbent has been developed and successfully applied for the
extraction of sulfonamides in water samples, followed by HPLC-DAD analysis. The
developed method provides a good linear range 0.30 — 200 ug L™ for sulfadiazine and
sulfamerazine, 1.0 — 200 pg L™ for sulfamethazine and sulfamonomethoxine. The
limit of detections (LODs) were 0.30 pg L™ for sulfadiazine and sulfamerazine and
1.0 pg L™ for sulfamethazine and sulfamonomethoxine. This method has a good
reproducibility with relative standard deviations (RSDs) in the range 1.7 — 3.9%,
which were in the acceptable value by AOAC (RSD=32%). The recoveries were in
the range of 86.7 to 99.7% and RSDs were less than 6%. The results were in the
acceptable range by the AOAC method (Recovery = 80-110%, RSD=32%). It can be
indicated that the developed method based on the use of the polypyrrole/SiO,/Fe;O,
sorbent is suitable for extraction and determination of trace sulfonamides in real water
samples.

A comparison between the performance of the developed methods and the
previously reported method are summarized in Table 3.1. In the case of the LODs,
the values from this work were within the same range (Raich-Montiu et al., 2007; Lin
and Huang, 2008; Lara et al., 2009; Diaz-Alvarez et al., 2014) or better than some
methods (Huang et al., 2009; Yu and Hu, 2012; Herrera-Herrera et al., 2013).
However, for two of these that have the similar LODs (Raich-Montiu et al., 2007; Lin

and Huang, 2008) they required longer extraction time and larger sample volumes.
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For the other two (Lara et al., 2009; Diaz-Alvarez et al., 2014) although the extraction
conditions were similar to the develop method, their recoveries were not as good.
When considered the recoveries, the performance of the developed method was either
comparable (Raich-Montiu et al., 2007; Lin and Huang, 2008) or better than (Huang
et al., 2009; Lara et al., 2009; Yu and Hu, 2012; Diaz-Alvarez et al., 2014) other
methods. That is, the main advantage of this work is the short extraction time (20
min) combines with the small sample volume that can provide very good
performances. This is because the target analytes in the solution can easily be
adsorbed onto the sorbent that provided a large adsorption capacitiy. The other
advantage is the sorbent can be separated rapidly from the sample solutions using an
external magnetic field. Moreover, it can be reused at least 16 times, with a relatively
low cost (0.07 USD per sample) which helps to reduce analysis cost and time. This
indicates that the proposed new method has better accuracy and is also probably much
cheaper to use. This can certainly be applies for the determination of other aromatic

compounds such as polycyclic aromatic hydrocarbons.



Table 3.1 Comparison of the developed method with other methods for the analysis of sulfonamides

61

Extraction mpl
. . trac 0 Sample LOD Recovery
Extraction Method Sample time (min)  volume (mL) Extractants (g LY (%) References
Magnetic solid phase extraction water 20 5 polyp)'/:r;aro(lje/&Oz/ 0.3-1.0 87-100 This work
3Us
Dispersive liquid-liquid microextraction water 3 5 Chloroform 0.41-9.87 78-117 (Herrera-Herrera
etal., 2013)
S . . (Lin and Huang,
Liquid-liquid-liquid microextraction water 45 12 Organic solvent 0.11-0.77 86-109 2008)
Micro-solid phase extraction (Molecularly (Diaz-Alvarez et
imprinted polymer) water 20 45 MIP sorbent 0.2-3.0 70-120 al., 2014)
In-line solid phase extraction water 15 4.75 HLB particles 0.38-0.56 52-109 (Lazrgoeé)al.,
Solid phase extraction water 25 250 HLB cartridges 0.15-1.0 70-104 (Rag:lh-lg/lo%l;t)lu et
Stir bar sorptive extraction milk 10 4 Cis 0.9-10.5 68-120 (Yuzgrig)Hu,
Stir bar sorptive extraction milk 60 50 Monolithic material 1.3-7.9 55-126 (Hugg%g)t al.
. . . Fe;04/Graphene (Shi and Ye,
Magnetic solid phase extraction water 20 1 oxide 50-100 67-120 2014)




62



62

6. References

Abbas, M., Parvatheeswara Rao, B., Nazrul Islam, M., Naga, S.M., Takahashi, M., Kim, C.
2014. Highly stable- silica encapsulating magnetite nanoparticles (Fe304/SiOy)
synthesized using single surfactantless-polyol process. Ceramics International 40 (1,
Part B): 1379-1385.

Aguilar-Arteaga, K., Rodriguez, J.A., Barrado, E. 2010. Magnetic solids in analytical chemistry:
A review. Analytica Chimica Acta 674 (2): 157-165.

Ahmadi, F., Shahsavari, A.A., Rahimi-Nasrabadi, M. 2008. Automated extraction and
preconcentration of multiresidue of pesticides on a micro-solid-phase extraction system
based on polypyrrole as sorbent and off-line monitoring by gas chromatography—flame
ionization detection. Journal of Chromatography A 1193 (1-2): 26-31.

AOAC. 2012. Guidelines for Single-Laboratory Validation of Chemical Methods for Dietary
Supplements and Botanicals. 1-32.

Arroyo-Manzanares, N., Gamiz-Gracia, L., Garcia-Campafia, A.M. 2014. Alternative sample
treatments for the determination of sulfonamides in milk by HPLC with fluorescence
detection. Food Chemistry 143: 459-464.

Asadollahzadeh, H., Noroozian, E., Maghsoudi, S. 2010. Solid-phase microextraction of
phthalate esters from aqueous media by electrochemically deposited carbon
nanotube/polypyrrole composite on a stainless steel fiber. Analytica Chimica Acta 669
(1-2): 32-38.

Asgharinezhad, A.A., Ebrahimzadeh, H., Mirbabaei, F., Mollazadeh, N., Shekari, N. 2014.
Dispersive micro-solid-phase extraction of benzodiazepines from biological fluids
based on polyaniline/magnetic nanoparticles composite. Analytica Chimica Acta 844:
80-89.

Atapattu, S.N., Rosenfeld, J.M. 2013. Solid phase analytical derivatization as a sample
preparation method. Journal of Chromatography A 1296: 204-213.

Bagheri, H., Roostaie, A., Baktash, M.Y. 2014. A chitosan—polypyrrole magnetic nanocomposite
as p-sorbent for isolation of naproxen. Analytica Chimica Acta 816: 1-7.

Balakrishnan, V.K., Terry, K.A., Toito, J. 2006. Determination of sulfonamide antibiotics in
wastewater: A comparison of solid phase microextraction and solid phase extraction
methods. Journal of Chromatography A 1131 (1-2): 1-10.

Bao, X., Qiang, Z., Chang, J.-H., Ben, W., Qu, J. 2014. Synthesis of carbon-coated magnetic
nanocomposite (Fes0,@C) and its application for sulfonamide antibiotics removal
from water. Journal of Environmental Sciences 26 (5): 962-9609.

Baran, W., Adamek, E., Ziemianska, J., Sobczak, A. 2011. Effects of the presence of
sulfonamides in the environment and their influence on human health. Journal of
Hazardous Materials 196 (0): 1-15.

Batt, A.L., Snow, D.D., Aga, D.S. 2006. Occurrence of sulfonamide antimicrobials in private
water wells in Washington County, Idaho, USA. Chemosphere 64 (11): 1963-1971.

Bhaumik, M., Setshedi, K., Maity, A., Onyango, M.S. 2013. Chromium(V1) removal from water
using fixed bed column of polypyrrole/FesO, nanocomposite. Separation and
Purification Technology 110: 11-19.

Borlido, L., Azevedo, A.M., Roque, A.C.A., Aires-Barros, M.R. 2013. Magnetic separations in
biotechnology. Biotechnology Advances 31: 1374-1385.



63

Bruce, P., Minkkinen, P., Riekkola, M.L. 1998. Practical Method Validation: Validation
Sufficient for an Analysis Methodethod Mikrochim. Acta 128: 93-106.

Bunkoed, O., Kanatharana, P. 2015. Extraction of polycyclic aromatic hydrocarbons with a
magnetic sorbent composed of alginate, magnetite nanoparticles and multiwalled
carbon nanotubes. Microchimica Acta: 1-8.

Chakraborty, G., Gupta, K., Meikap, A.K., Babu, R., Blau, W.J. 2012. Synthesis, electrical and
magnetotransport properties of polypyrrole-MWCNT nanocomposite. Solid State
Communications 152 (1): 13-18.

Chen, J., Lin, Y., Jia, L. 2015. Preparation of anionic polyelectrolyte modified magnetic
nanoparticles for rapid and efficient separation of lysozyme from egg white. Journal of
Chromatography A 1388 (0): 43-51.

Chen, L., Chen, W., Ma, C., Du, D., Chen, X. 2011a. Electropolymerized multiwalled carbon
nanotubes/polypyrrole fiber for solid-phase microextraction and its applications in the
determination of pyrethroids. Talanta 84 (1): 104-108.

Chen, L., Wang, T., Tong, J. 2011b. Application of derivatized magnetic materials to the
separation and the preconcentration of pollutants in water samples. TrAC Trends in
Analytical Chemistry 30 (7): 1095-1108.

de Souza, K.C., Andrade, G.F., Vasconcelos, I., de Oliveira Viana, I.M., Fernandes, C., de
Sousa, E.M.B. 2014. Magnetic solid-phase extraction based on mesoporous silica-
coated magnetic nanoparticles for analysis of oral antidiabetic drugs in human plasma.
Materials Science and Engineering: C 40: 275-280.

Diaz-Alvarez, M., Barahona, F., Turiel, E., Martin-Esteban, A. 2014. Supported liquid
membrane-protected molecularly imprinted beads for micro-solid phase extraction of
sulfonamides in environmental waters. Journal of Chromatography A 1357 (0): 158-
164.

Dmitrienko, S.G., Kochuk, E.V., Apyari, V.V., Tolmacheva, V.V., Zolotov, Y.A. 2014. Recent
advances in sample preparation techniques and methods of sulfonamides detection — A
review. Analytica Chimica Acta 850: 6-25.

Ebrahimzadeh, H., Asgharinezhad, A.A., Moazzen, E., Amini, M.M., Sadeghi, O. 2015. A
magnetic ion-imprinted polymer for lead(ll) determination: A study on the adsorption
of lead(ll) by beverages. Journal of Food Composition and Analysis 41 (0): 74-80.

EURACHEM. 1998. The Fitness for Purpose of Analytical methods.pdf. EURACHEM Guide: 1-
61.

Fang, G.-Z., He, J.-X., Wang, S. 2006. Multiwalled carbon nanotubes as sorbent for on-line
coupling of solid-phase extraction to high-performance liquid chromatography for
simultaneous determination of 10 sulfonamides in eggs and pork. Journal of
Chromatography A 1127 (1-2): 12-17.

Galarini, R., Diana, F., Moretti, S., Puppini, B., Saluti, G., Persic, L. 2014. Development and
validation of a new qualitative ELISA screening for multiresidue detection of
sulfonamides in food and feed. Food Control 35 (1): 300-310.

Gao, Q., Luo, D., Ding, J., Feng, Y.-Q. 2010. Rapid magnetic solid-phase extraction based on
magnetite/silica/poly(methacrylic acid—co—ethylene glycol dimethacrylate) composite
microspheres for the determination of sulfonamide in milk samples. Journal of
Chromatography A 1217 (35): 5602-56009.



64

Gao, Q., Zheng, H.-B., Luo, D., Ding, J., Feng, Y.-Q. 2012. Facile synthesis of magnetic one-
dimensional polyaniline and its application in magnetic solid phase extraction for
fluoroquinolones in honey samples. Analytica Chimica Acta 720 (0): 57-62.

Geng, Y., Ding, M., Chen, H., Li, H.-F., Lin, J.-M. 2012. Preparation of hydrophilic carbon-
functionalized magnetic microspheres coated with chitosan and application in solid-
phase extraction of bisphenol A in aqueous samples. Talanta 89: 189-194.

Giakisikli, G., Anthemidis, A.N. 2013. Magnetic materials as sorbents for metal/metalloid
preconcentration and/or separation. A review. Analytica Chimica Acta 789: 1-16.

Hatupka-Bryl, M., Bednarowicz, M., Dobosz, B., Krzyminiewski, R., Zalewski, T.,
Wereszczynska, B., Nowaczyk, G., Jarek, M., Nagasaki, Y. 2015. Doxorubicin loaded
PEG-b-poly(4-vinylbenzylphosphonate) coated magnetic iron oxide nanoparticles for
targeted drug delivery. Journal of Magnetism and Magnetic Materials 384 (0): 320-
327.

Han, Q., Wang, Z., Xia, J., Chen, S., Zhang, X., Ding, M. 2012. Facile and tunable fabrication of
Fe;04/graphene oxide nanocomposites and their application in the magnetic solid-phase
extraction of polycyclic aromatic hydrocarbons from environmental water samples.
Talanta 101 (0): 388-395.

Hashemi, M., Taherimaslak, Z., Rashidi, S. 2014. Application of magnetic solid phase extraction
for separation and determination of aflatoxins B1 and B2 in cereal products by high
performance  liquid  chromatography-fluorescence  detection.  Journal  of
Chromatography B 960 (0): 200-208.

He, H., Yuan, D., Gao, Z., Xiao, D., He, H., Dai, H., Peng, J., Li, N. 2014. Mixed hemimicelles
solid-phase extraction based on ionic liquid-coated Fe304/SiO2 nanoparticles for the
determination of flavonoids in bio-matrix samples coupled with high performance
liquid chromatography. Journal of Chromatography A 1324: 78-85.

Hela, W., Brandtner, M., Widek, R., Schuh, R. 2003. Determination of sulfonamides in animal
tissues using cation exchange reversed phase sorbent for sample cleanup and HPLC—
DAD for detection. Food Chemistry 83 (4): 601-608.

Herrera-Herrera, A.V., Hernandez-Borges, J., Afonso, M.M., Palenzuela, J.A., Rodriguez-
Delgado, M.A. 2013a. Comparison between magnetic and non magnetic multi-walled
carbon nanotubes-dispersive solid-phase extraction combined with ultra-high
performance liquid chromatography for the determination of sulfonamide antibiotics in
water samples. Talanta 116 (0): 695-703.

Herrera-Herrera, A.V., Hernandez-Borges, J., Borges-Miquel, T.M., Rodriguez-Delgado, M.A.
2013Db. Dispersive liquid—liquid microextraction combined with ultra-high performance
liquid chromatography for the simultaneous determination of 25 sulfonamide and
quinolone antibiotics in water samples. Journal of Pharmaceutical and Biomedical
Analysis 75 (0): 130-137.

Hou, X.-L., Wu, Y.-L., Yang, T., Du, X.-D. 2013. Multi-walled carbon nanotubes—dispersive
solid-phase extraction combined with liquid chromatography—tandem mass
spectrometry for the analysis of 18 sulfonamides in pork. Journal of Chromatography B
929: 107-115.

Hu, Y., Li, Y., Liu, R., Tan, W., Li, G. 2011. Magnetic molecularly imprinted polymer beads
prepared by microwave heating for selective enrichment of $-agonists in pork and pig
liver samples. Talanta 84 (2): 462-470.



65

Huang, J., Liu, J., Zhang, C., Wei, J., Mei, L., Yu, S., Li, G., Xu, L. 2012. Determination of
sulfonamides in food samples by membrane-protected micro-solid phase extraction
coupled with high performance liquid chromatography. Journal of Chromatography A
1219 (0): 66-74.

Huang, X., Qiu, N., Yuan, D. 2009. Simple and sensitive monitoring of sulfonamide veterinary
residues in milk by stir bar sorptive extraction based on monolithic material and high
performance liquid chromatography analysis. Journal of Chromatography A 1216 (46):
8240-8245.

Ibarra, 1.S., Miranda, J.M., Rodriguez, J.A., Nebot, C., Cepeda, A. 2014. Magnetic solid phase
extraction followed by high-performance liquid chromatography for the determination
of sulphonamides in milk samples. Food Chemistry 157 (0): 511-517.

ICH. 1999. International Conference on Harmonisation of Technical Requirements for the
Registration of Pharmaceutical for Human use. Validation of Analytical Procedures :
Methodology.1-18.

IUPAC. 2002. Harmonized Guidelines for Single-Laboratory Validation of Methods of Analysis.
Pure and Applied Chemistry 74: 835-855.

Jafari, M.T., Saraji, M., Sherafatmand, H. 2014. Polypyrrole/montmorillonite nanocomposite as
a new solid phase microextraction fiber combined with gas chromatography—corona
discharge ion mobility spectrometry for the simultaneous determination of diazinon and
fenthion organophosphorus pesticides. Analytica Chimica Acta 814 (0): 69-78.

Jainae, K., Sanuwong, K., Nuangjamnong, J., Sukpirom, N., Unob, F. 2010. Extraction and
recovery of precious metal ions in wastewater by polystyrene-coated magnetic particles
functionalized  with  2-(3-(2-aminoethylthio)propylthio)ethanamine. ~ Chemical
Engineering Journal 160 (2): 586-593.

Jankiewicz, B.J., Jamiola, D., Choma, J., Jaroniec, M. 2012. Silica—metal core—shell
nanostructures. Advances in Colloid and Interface Science 170 (1-2): 28-47.

Jiang, F., Li, X., Zhu, Y., Tang, Z. 2014. Synthesis and magnetic characterizations of uniform
iron oxide nanoparticles. Physica B: Condensed Matter 443 (0): 1-5.

Kim, D.K.,, Zhang, Y., Voit, W., Rao, K.V., Muhammed, M. 2001. Synthesis and
characterization of surfactant-coated superparamagnetic monodispersed iron oxide
nanoparticles. Journal of Magnetism and Magnetic Materials 225 (1-2): 30-36.

Kim, H., Hong, Y., Park, J.-e., Sharma, V.K., Cho, S.-i. 2013. Sulfonamides and tetracyclines in
livestock wastewater. Chemosphere 91 (7): 888-894.

Kirkland, J.J. 2004. Development of some stationary phases for reversed-phase HPLC. Journal
of Chromatography A 1060 (1-2): 9-21.

Koesukwiwat, U., Jayanta, S., Leepipatpiboon, N. 2007. Solid-phase extraction for multiresidue
determination of sulfonamides, tetracyclines, and pyrimethamine in Bovine's milk.
Journal of Chromatography A 1149 (1): 102-111.

Kong, X., Gao, R., He, X., Chen, L., Zhang, Y. 2012. Synthesis and characterization of the core—
shell magnetic molecularly imprinted polymers (Fes0,@MIPs) adsorbents for effective
extraction and determination of sulfonamides in the poultry feed. Journal of
Chromatography A 1245 (0): 8-16.

Kimmerer, K. 2009. Antibiotics in the aquatic environment — A review — Part I. Chemosphere
75 (4): 417-434.



66

Kung, T.-A., Tsai, C.-W., Ku, B.C., Wang, W.-H. 2015. A generic and rapid strategy for
determining trace multiresidues of sulfonamides in aquatic products by using an
improved QUEChERS method and liquid chromatography—electrospray quadrupole
tandem mass spectrometry. Food Chemistry 175: 189-196.

Lara, F.J., Garcia-Campafia, A.M., Neusiss, C., Alés-Barrero, F. 2009. Determination of
sulfonamide residues in water samples by in-line solid-phase extraction-capillary
electrophoresis. Journal of Chromatography A 1216 (15): 3372-3379.

Lee, J.S., Lee, E.J., Hwang, H.J. 2012. Synthesis of Fe3O4-coated silica aerogel nanocomposites.
Trans. Nonferrous Met. Soc. China 22: s702-s706.

Li, J.-D., Cai, Y.-Q., Shi, Y.-L., Mou, S.-F., Jiang, G.-B. 2007. Determination of sulfonamide
compounds in sewage and river by mixed hemimicelles solid-phase extraction prior to
liquid chromatography—spectrophotometry. Journal of Chromatography A 1139 (2):
178-184.

Li, X.-S., Zhu, G.-T., Luo, Y.-B., Yuan, B.-F., Feng, Y.-Q. 2013. Synthesis and applications of
functionalized magnetic materials in sample preparation. TrAC Trends in Analytical
Chemistry 45: 233-247.

Li, X., Wang, X., Li, L., Duan, H., Luo, C. 2015. Electrochemical sensor based on magnetic
graphene oxide@gold nanoparticles-molecular imprinted polymers for determination of
dibutyl phthalate. Talanta 131 (0): 354-360.

Li, X.,, Wang, Y., Yang, X., Chen, J., Fu, H., Cheng, T. 2012. Conducting polymers in
environmental analysis. TrAC Trends in Analytical Chemistry 39: 163-179.

Lian, Z., He, X., Wang, J. 2014. Determination of sulfadiazine in Jiaozhou Bay using
molecularly imprinted solid-phase extraction followed by high-performance liquid
chromatography with a diode-array detector. Journal of Chromatography B 957: 53-59.

Lin, C.-Y., Huang, S.-D. 2008. Application of liquid-liquid-liquid microextraction and high-
performance liquid-chromatography for the determination of sulfonamides in water.
Analytica Chimica Acta 612 (1): 37-43.

Liu, X., Wang, X., Tan, F., Zhao, H., Quan, X., Chen, J., Li, L. 2012. An electrochemically
enhanced solid-phase microextraction approach based on molecularly imprinted
polypyrrole/multi-walled carbon nanotubes composite coating for selective extraction
of fluoroguinolones in agueous samples. Analytica Chimica Acta 727 (0): 26-33.

Liu, X., Yu, Y., Zhao, M., Zhang, H., Li, Y., Duan, G. 2014. Solid phase extraction using
magnetic core mesoporous shell microspheres with C18-modified interior pore-walls
for residue analysis of cephalosporins in milk by LC-MS/MS. Food Chemistry 150:
206-212.

Lu, K.-H., Chen, C.-Y., Lee, M.-R. 2007. Trace determination of sulfonamides residues in meat
with a combination of solid-phase microextraction and liquid chromatography—mass
spectrometry. Talanta 72 (3): 1082-1087.

Luo, Y.-B., Shi, Z.-G., Gao, Q., Feng, Y.-Q. 2011. Magnetic retrieval of graphene: Extraction of
sulfonamide antibiotics from environmental water samples. Journal of
Chromatography A 1218 (10): 1353-1358.

Ma, Y., Zhou, Q., Li, A., Shuang, C., Shi, Q., Zhang, M. 2014. Preparation of a novel magnetic
microporous adsorbent and its adsorption behavior of p-nitrophenol and
chlorotetracycline. Journal of Hazardous Materials 266 (0): 84-93.

Mahmoud, M.E., Abdelwahab, M.S., Fathallah, E.M. 2013. Design of novel nano-sorbents based
on nano-magnetic iron oxide—bound-nano-silicon oxide—immobilized-



67

triethylenetetramine for implementation in water treatment of heavy metals. Chemical
Engineering Journal 223 (0): 318-327.

Makkliang, F., Kanatharana, P., Thavarungkul, P., Thammakhet, C. 2015. Development of
magnetic micro-solid phase extraction for analysis of phthalate esters in packaged food.
Food Chemistry 166 (0): 275-282.

Malintan, N.T., Mohd, M.A. 2006. Determination of sulfonamides in selected Malaysian swine
wastewater by high-performance liquid chromatography. Journal of Chromatography A
1127 (1-2): 154-160.

Mazzotta, E., Malitesta, C., Diaz-Alvarez, M., Martin-Esteban, A. 2012. Electrosynthesis of
molecularly imprinted polypyrrole for the antibiotic levofloxacin. Thin Solid Films 520
(6): 1938-1943.

McClure, E.L., Wong, C.S. 2007. Solid phase microextraction of macrolide, trimethoprim, and
sulfonamide antibiotics in wastewaters. Journal of Chromatography A 1169 (1-2): 53-
62.

Mehdinia, A., Bashour, F., Roohi, F., Jabbari, A. 2012. A strategy to enhance the thermal
stability of a nanostructured polypyrrole-based coating for solid phase microextraction.
Microchimica Acta 177 (3-4): 301-308.

Mehdinia, A., Khodaee, N., Jabbari, A. 2015. Fabrication of graphene/Fe;O,@polythiophene
nanocomposite and its application in the magnetic solid-phase extraction of polycyclic
aromatic hydrocarbons from environmental water samples. Analytica Chimica Acta 868
(0): 1-9.

Moldoveanu, S.C., David, V. 2013a. Basic Information about HPLC. 1-51.

Moldoveanu, S.C., David, V., 2013b. Chapter 1 - Basic Information about HPLC. In: David,
S.C.M. (Ed.), Essentials in Modern HPLC Separations. Elsevier, pp. 1-51.

Moldoveanu, S.C., David, V., 2013c. Chapter 3 - Equilibrium Types in HPLC. In: David, S.C.M.
(Ed.), Essentials in Modern HPLC Separations. Elsevier, pp. 85-114.

Mollahosseini, A., Noroozian, E. 2009. Polyphosphate-doped polypyrrole coated on steel fiber
for the solid-phase microextraction of organochlorine pesticides in water. Analytica
Chimica Acta 638 (2): 169-174.

Mdller, R., Glaser, M., Gohner, C., Seyfarth, L., Schleussner, E., Hofmann, A., Fritzsche, W.
2015. In situ measurements of magnetic nanoparticles after placenta perfusion. Journal
of Magnetism and Magnetic Materials 380 (0): 66-71.

Niu, H., Dizhang, Meng, Z., Cai, Y. 2012. Fast defluorination and removal of norfloxacin by
alginate/Fe@Fe3;0, core/shell structured nanoparticles. Journal of Hazardous Materials
227-228 (0): 195-203.

Novakova, L., VIckova, H. 2009. A review of current trends and advances in modern bio-
analytical methods: Chromatography and sample preparation. Analytica Chimica Acta
656 (1-2): 8-35.

Pailler, J.Y., Krein, A., Pfister, L., Hoffmann, L., Guignard, C. 2009. Solid phase extraction
coupled to liquid chromatography-tandem mass spectrometry analysis of sulfonamides,
tetracyclines, analgesics and hormones in surface water and wastewater in
Luxembourg. Science of the Total Environment 407 (16): 4736-4743.

Pan, S.-D., Zhou, L.-X., Zhao, Y.-G., Chen, X.-H., Shen, H.-Y., Cai, M.-Q., Jin, M.-C. 2014.
Amine-functional magnetic polymer modified graphene oxide as magnetic solid-phase



68

extraction materials combined with liquid chromatography—tandem mass spectrometry
for chlorophenols analysis in environmental water. Journal of Chromatography A 1362
(0): 34-42.

Pavlovi¢, D.M., Babi¢, S., Horvat, A.J.M., Kastelan-Macan, M. 2007. Sample preparation in
analysis of pharmaceuticals. TrAC Trends in Analytical Chemistry 26 (11): 1062-1075.

Poole, C.F., Gunatilleka, A.D., Sethuraman, R. 2000. Contributions of theory to method
development in solid-phase extraction. Journal of Chromatography A 885 (1-2): 17-39.

Rahimi, M., Noroozian, E. 2014. Application of copolymer coated frits for solid-phase extraction
of poly cyclic aromatic hydrocarbons in water samples. Analytica Chimica Acta 836:
45-52.

Raich-Montiu, J., Folch, J., Compafio, R., Granados, M., Prat, M.D. 2007. Analysis of trace
levels of sulfonamides in surface water and soil samples by liquid chromatography-
fluorescence. Journal of Chromatography A 1172 (2): 186-193.

Ramos Payan, M., Lopez, M.A.B., Fernandez-Torres, R., Navarro, M.V., Mochén, M.C. 2011.
Hollow fiber-based liquid phase microextraction (HF-LPME) for a highly sensitive
HPLC determination of sulfonamides and their main metabolites. Journal of
Chromatography B 879 (2): 197-204.

Reeves, V.B. 1999. Confirmation of multiple sulfonamide residues in bovine milk by gas
chromatography—positive chemical ionization mass spectrometry. Journal of
Chromatography B: Biomedical Sciences and Applications 723 (1-2): 127-137.

Ren, Y., Abbood, H.A., He, F., Peng, H., Huang, K. 2013. Magnetic EDTA-modified
chitosan/SiO,/Fe;0,4 adsorbent: Preparation, characterization, and application in heavy
metal adsorption. Chemical Engineering Journal 226: 300-311.

Ridgway, K., Lalljie, S.P.D., Smith, R.M. 2007. Sample preparation techniques for the
determination of trace residues and contaminants in foods. Journal of Chromatography
A 1153 (1-2): 36-53.

Sahmetlioglu, E., Yilmaz, E., Aktas, E., Soylak, M. 2014. Polypyrrole/multi-walled carbon
nanotube composite for the solid phase extraction of lead(ll) in water samples. Talanta
119 (0): 447-451.

Shackman, J.G., 2013. Chapter 13 - General Instrumentation. In: Lloyd, S.F.R.H.F.P.S. (Ed.),
Liquid Chromatography. Elsevier, Amsterdam, pp. 283-306.

Shi, P., Ye, N. 2014. Magnetite-graphene oxide composites as a magnetic solid-phase extraction
adsorbent for the determination of trace sulfonamides in water samples. Analytical
Methods 6 (24): 9725-9730.

Shi, X., Meng, Y., Liu, J., Sun, A, Li, D., Yao, C., Lu, Y., Chen, J. 2011. Group-selective
molecularly imprinted polymer solid-phase extraction for the simultaneous
determination of six sulfonamides in aquaculture products. Journal of Chromatography
B 879 (15-16): 1071-1076.

Shimizu, A., Takada, H., Koike, T., Takeshita, A., Saha, M., Rinawati, Nakada, N., Murata, A.,
Suzuki, T., Suzuki, S., Chiem, N.H., Tuyen, B.C., Viet, P.H., Siringan, M.A., Kwan,
C., Zakaria, M.P., Reungsang, A. 2013. Ubiquitous occurrence of sulfonamides in
tropical Asian waters. Science of the Total Environment 452-453: 108-115.

Snyder, L.R., Kirkland, J.J. 1979. Introduction to Modern
Liquid Chromatography. 2 nd New York, John Wiley&Sons.



69

Su, S., Chen, B., He, M., Hu, B., Xiao, Z. 2014. Determination of trace/ultratrace rare earth
elements in environmental samples by ICP-MS after magnetic solid phase extraction
with Fe30,@SiO,@polyaniline—graphene oxide composite. Talanta 119: 458-466.

Su, X., Li, X, Li, J., Liu, M., Lei, F., Tan, X., Li, P.,, Luo, W. 2015. Synthesis and
characterization of core—shell magnetic molecularly imprinted polymers for solid-phase
extraction and determination of Rhodamine B in food. Food Chemistry 171 (0): 292-
297.

Sun, L., Chen, L., Sun, X., Du, X,, Yue, Y., He, D., Xu, H., Zeng, Q., Wang, H., Ding, L. 20009.
Analysis of sulfonamides in environmental water samples based on magnetic mixed
hemimicelles solid-phase extraction coupled with HPLC-UV detection. Chemosphere
77 (10): 1306-1312.

Sun, N., Han, Y., Yan, H., Song, Y. 2014. A self-assembly pipette tip graphene solid-phase
extraction coupled with liquid chromatography for the determination of three
sulfonamides in environmental water. Analytica Chimica Acta 810: 25-31.

Szultka, M., Kegler, R., Fuchs, P., Olszowy, P., Miekisch, W., Schubert, J.K., Buszewski, B.,
Mundkowski, R.G. 2010. Polypyrrole solid phase microextraction: A new approach to
rapid sample preparation for the monitoring of antibiotic drugs. Analytica Chimica Acta
667 (1-2): 77-82.

Tahmasebi, E., Yamini, Y., Moradi, M., Esrafili, A. 2013a. Polythiophene-coated Fe3;O,
superparamagnetic nanocomposite: Synthesis and application as a new sorbent for
solid-phase extraction. Analytica Chimica Acta 770: 68-74.

Tahmasebi, E., Yamini, Y., Seidi, S., Rezazadeh, M. 2013b. Extraction of three nitrophenols
using polypyrrole-coated magnetic nanoparticles based on anion exchange process.
Journal of Chromatography A 1314 (0): 15-23.

Tang, M., Wang, Q., Jiang, M., Xu, L., Shi, Z.-G., Zhang, T., Liu, Y. 2014. Magnetic solid-phase
extraction based on methylcellulose coated-Fe;O,—SiO,—phenyl for HPLC-DAD
analysis of sildenafil and its metabolite in biological samples. Talanta 130: 427-432.

Tao, Y., Liu, J.-F., Hu, X.-L., Li, H.-C., Wang, T., Jiang, G.-B. 2009. Hollow fiber supported
ionic liqguid membrane microextraction for determination of sulfonamides in
environmental water samples by high-performance liquid chromatography. Journal of
Chromatography A 1216 (35): 6259-6266.

Tie, S.-L., Lee, H.-C., Bae, Y.-S., Kim, M.-B., Lee, K., Lee, C.-H. 2007. Monodisperse
Fe304/Fe@SiO, core/shell nanoparticles with enhanced magnetic property. Colloids
and Surfaces A: Physicochemical and Engineering Aspects 293 (1-3): 278-285.

Tong, F., Zhang, Y., Chen, F., Li, Y., Ma, G., Chen, Y., Liu, K., Dong, J., Ye, J., Chu, Q. 2013.
Hollow-fiber liquid-phase microextraction combined with capillary electrophoresis for
trace analysis of sulfonamide compounds. Journal of Chromatography B 942-943 (0):
134-140.

Wang, L., Wang, M., Yan, H., Yuan, Y., Tian, J. 2014a. A new graphene oxide/polypyrrole foam
material with pipette-tip solid-phase extraction for determination of three auxins in
papaya juice. Journal of Chromatography A 1368 (0): 37-43.

Wang, X., Song, G., Deng, C. 2015. Development of magnetic graphene @hydrophilic
polydopamine for the enrichment and analysis of phthalates in environmental water
samples. Talanta 132: 753-759.



70

Wang, Y., Sun, Y., Gao, Y., Xu, B., Wu, Q., Zhang, H., Song, D. 2014b. Determination of five
pyrethroids in tea drinks by dispersive solid phase extraction with polyaniline-coated
magnetic particles. Talanta 119: 268-275.

White, N.S., Errington, R.J. 2005. Fluorescence techniques for drug delivery research: theory
and practice. Advanced Drug Delivery Reviews 57 (1): 17-42.

Wierucka, M., Biziuk, M. 2014. Application of magnetic nanoparticles for magnetic solid-phase
extraction in preparing biological, environmental and food samples. TrAC Trends in
Analytical Chemistry 59: 50-58.

Xu, P., Zeng, G.M., Huang, D.L., Feng, C.L., Hu, S., Zhao, M.H., Lai, C., Weli, Z., Huang, C.,
Xie, G.X., Liu, Z.F. 2012. Use of iron oxide nanomaterials in wastewater treatment: A
review. Science of the Total Environment 424: 1-10.

Xu, Y., Ding, J., Chen, H., Zhao, Q., Hou, J., Yan, J., Wang, H., Ding, L., Ren, N. 2013. Fast
determination of sulfonamides from egg samples using magnetic multiwalled carbon
nanotubes as adsorbents followed by liquid chromatography—tandem mass
spectrometry. Food Chemistry 140 (1-2): 83-90.

Yamini, Y., Faraji, M., Adeli, M. 2015. Magnetic silica nanomaterials for solid-phase extraction
combined with dispersive liquid-liquid microextraction of ultra-trace quantities of
plasticizers. Microchimica Acta: 1-9.

Yan, H., Sun, N., Liu, S., Row, K.H., Song, Y. 2014. Miniaturized graphene-based pipette tip
extraction coupled with liquid chromatography for the determination of sulfonamide
residues in bovine milk. Food Chemistry 158: 239-244.

Yang, J., Li, J.-y., Qiao, J.-q., Lian, H.-z., Chen, H.-y. 2014. Solid phase extraction of magnetic
carbon doped Fe;O4 nanoparticles. Journal of Chromatography A 1325 (0): 8-15.

Yu, C., Hu, B. 2012. C18-coated stir bar sorptive extraction combined with high performance
liquid chromatography—electrospray tandem mass spectrometry for the analysis of
sulfonamides in milk and milk powder. Talanta 90 (0): 77-84.

Yu, H.,, Mu, H., Hu, Y.-M. 2012. Determination of fluoroquinolones, sulfonamides, and
tetracyclines multiresidues simultaneously in porcine tissue by MSPD and HPLC-
DAD. Journal of Pharmaceutical Analysis 2 (1): 76-81.

Yu, J.C.C., Lai, E.P.C. 2007. Determination of ochratoxin A in red wines by multiple pulsed
elutions from molecularly imprinted polypyrrole. Food Chemistry 105 (1): 301-310.

Zacco, E., Adrian, J., Galve, R., Marco, M.P., Alegret, S., Pividori, M.l. 2007. Electrochemical
magneto immunosensing of antibiotic residues in milk. Biosensors and Bioelectronics
22 (9-10): 2184-2191.

Zhang, N., Peng, H., Wang, S., Hu, B. 2011a. Fast and selective magnetic solid phase extraction
of trace Cd, Mn and Pb in environmental and biological samples and their
determination by ICP-MS. Microchimica Acta 175 (1-2): 121-128.

Zhang, W., Duan, C., Wang, M. 2011b. Analysis of seven sulphonamides in milk by cloud point
extraction and high performance liquid chromatography. Food Chemistry 126 (2): 779-
785.

Zhang, Y., Shen, J., Yang, H., Yang, Y., Zhou, Z., Yang, S. 2015. A highly selective magnetic
sensor for Cd2+ in living cells with (Zn, Mn)-doped iron oxide nanoparticles. Sensors
and Actuators B: Chemical 207, Part A (0): 887-892.

Zhao, Y.-G., Zhou, L.-X., Pan, S.-D., Zhan, P.-P., Chen, X.-H., Jin, M.-C. 2014a. Fast
determination of 22 sulfonamides from chicken breast muscle using core—shell



71

nanoring amino-functionalized superparamagnetic molecularly imprinted polymer
followed by liquid chromatography-tandem mass spectrometry. Journal of
Chromatography A 1345: 17-28.

Zhao, Y., Li, J., Zhao, L., Zhang, S., Huang, Y., Wu, X., Wang, X. 2014b. Synthesis of
amidoxime-functionalized Fe;0,@SiO, core—shell magnetic microspheres for highly
efficient sorption of U(VI1). Chemical Engineering Journal 235 (0): 275-283.

Zhou, Q., Peng, D., Wang, Y., Pan, Y., Wan, D., Zhang, X., Yuan, Z. 2014. A novel hapten and
monoclonal-based enzyme-linked immunosorbent assay for sulfonamides in edible
animal tissues. Food Chemistry 154 (0): 52-62.

Zhou, Y., Zhou, T., Jin, H., Jing, T., Song, B., Zhou, Y., Mei, S., Lee, Y.-l. 2015. Rapid and
selective extraction of multiple macrolide antibiotics in foodstuff samples based on
magnetic molecularly imprinted polymers. Talanta 137: 1-10.



72



73

Publication

A polypyrrole/silica/magnetite nanoparticles as a sorbent for the extraction of
sulfonamides from water samples

Thanyaporn Sukchuay, Proespichaya Kanatharana, Rodtichoti Wannapob, Panote
Thavarungkul, and Opas Bunkoed

Accepted manuscript online : 8 Sep 2015/DOI : 10.1002/jssc.201500766.



74

J. Sep. Sci. 2015, 00, 1-7

Thanyaporn 1,23
Proespichaya

Rodtichoti 1,23
Panote 1,24
Opas 1,2,3

"Trace Analysis and Biosensor
Research Center, Prince of
Songkla University, Hat Yai,
Songkhla, Thailand

2Center of Excellence for
Innovation in Chemistry, Faculty
of Science, Prince of Songkla
University, Hat Yai, Songkhla,
Thailand

3Department of Chemistry,
Faculty of Science, Prince of
Songkla University, Hat Yai,
Songkhla, Thailand

*Department of Physics, Faculty
of Science, Prince of Songkla
University, Hat Yai, Songkhla,
Thailand

Received July 11, 2015
Revised August 8, 2015
Accepted August 31, 2015

1 Introduction

Original Paper

Polypyrrole/silica/magnetite nanoparticles
as a sorbent for the extraction of
sulfonamides from water samples

A magnetic solid-phase extraction sorbent of polypyrrole/silica/magnetite nanoparti-
cles was successfully synthesized and applied for the extraction and preconcentration
of sulfonamides in water samples. The magnetite nanoparticles provided a simple
and fast separation method for the analytes in water samples. The silica coating in-
creased the surface area that helped to increase the polypyrrole layer. The polypyrrole-
coated silica provided a high extraction efficiency due to the m—m and hydrophobic
interactions between the polypyrrole and sulfonamides. Several parameters that af*
fected the extraction efficiencies, i.e. the amount of sorbent, pH of the sample, ex-
traction time, extraction temperature, ionic strength, and desorption conditions were
investigated. Under the optimal conditions, the method was linear over the range of
0.30-200 ng/L for sulfadiazine and sulfamerazine, and 1.0-200 pg/L for sulfamethazine
and sulfamonomethoxine. The limit of detection was 0.30 g/ L for sulfadiazine and sulfam-
erazine and 1.0 pg/L for sulfamethazine and sulfamonomethoxine. This simple and rapid
method was successfully applied to efficiently extract sulfonamides from water samples. It
showed a high extraction efficiency for all tested sulfonamides, and the recoveries were in
the range of 86.7-99.7% with relative standard deviations of < 6%.

Keywords: Magnetic nanoparticles / Polypyrrole / Silica 7 Sulfonamides
DOl 10.1002/jssc. 201500766
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[5]. Due to the relatively low concentration of sulfonamides in
water samples together with the complexity of the matrices,

Sulfonamides are a group of synthetic antibiotics often used
to prevent infections, treat diseases, and to promote growth
because of their broad-spectrum activities, effectiveness, and
low cost [1]. These compounds enter the environment by
means of wastewater effluents from municipal treatments
plants, hospitals, livestock activities, and the improper dis-
posal of drugs or unexpected spills during manufacturing or
distribution [2]. Consequently, traces of sulfonamides have
often been detected in environmental waters [3]. Even at trace
levels, they can promote the development of antibiotic re-
sistant bacteria, cause allergic reactions in humans, or even
possess carcinogenic potercy [4].

HPLC has been widely used for the determination of sul-
fonamides because of its high sensitivity and good precision
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a sample preparation method is generally required before in-
strumental analysis. Among the various sample preparation
techniques that have been reported for extraction and pre-
concentration of sulfonamides [6]- [9], SPE is one of the most
widely used techniques due to its high extraction efficiency.
However, traditional SPE cartridges and equipment are ex-
pensive and the operation is quite tedious. Recently, magnetic
SPE (MSPE) has attracted much attention since the sorbent
can be easily separated from the sample solution using an
external magnetic field [10] and can be reused after a simple
washing operation. However, naked magnetic nanoparticles
(Fe;0Oy4) tend to aggregate, are prone to oxidation and are not
selective toward complex matrices. Therefore, the surfaces of
these magnetic nanoparticles have been modified with spe-
cific lipands to make them more selective and become more
suitable [11]. Silica (3i0,) is one of the most ideal coating
layers since it can prevent Fe;O, nanoparticles aggregating
over a wide range of pH values and improve their chemical
stability [12]. However, the hydrophilic SiO; would not be ap-
plicable for the extraction of sulfonamides. Therefore, in this
work, an additional coating of a polypyrrole, which can easily
be prepared by chemical polymerization under mild condi-
tions [13], was used because it contains a conjugated 7 struc-
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ture that can adsorb sulfonamides by m—m and hydrophobic
interactions. The polypyrrole/$i0;/Fe;(04 sorbent was then
applied to extract sulfonamides from water samples and then
be detected by HPLC. The aim was to provide a reliable, sim-
ple, highly sensitive, and environmentally friendly method for
the monitoring of sulfonamides in environmental samples.
Sulfadiazine (SDZ), sulfamerazine (SMZ), sulfamethazine
(SMT), and sulfamonomethoxine (SMX), because of their
toxicity, were selected as test compounds to investigate the
performance of the developed sorbent.

2 Materials and methods
2.1 Reagents and chemicals

Methanol, acetonitrile, acetic acid, and 2-propanol were from
Merck (Darmstadt, Germany). Sodium chloride was from
Labscan (Bangkok, Thailand). Ethanol and ammeonium hy-
droxide were from |T Baker (Bangkok, Thailand). Iron(I)
chloride tetrahydrate (FeCly.4H,0), Iron(IIl} chloride hex-
ahydrate (FeCl3.6H,0), Iron(III) chloride anhydrous {FeCls),
pyrrole, tetraethylorthosilicate (TEOS), SDZ, SMZ, SMT, and
SMX were from Sigma-Aldrich (Steinheim, Germany). Oa-
sis HLB (30 mg) was from Waters (Milford, USA). Individual
stock solutions of each standards {100 pg/mlL) were prepared
in methanol and stored at 4°C. Ultrapure water was obtained
using a maxima ultrapure water system (ELGA, UK]).

2.2 Instrumentation

Chromatographic analysis was performed on a Hewlett-
Packard 1100 series HPLC system (Agilent Technologies,
Germany). The separations were performed on a reversed-
phase VertiSepTM Cj; column (5 pm particles size, 250
x 4.6 mm id; Restek Bellefonte, USA). The surface morphol-
ogy of the prepared sorbent was observed by SEM (JSM-5200,
JEOL, Tokyo, Japan). The FTIR gpectra were determined by
FTIR spectroscopy (PerkinElmer, Waltham, MA, USA).

2.2 HPLC conditions

To obtain the best performance (high sensitivity, good reso-
lution, and short-analysis time) a number of the operational
conditions of the HPLC were optimized for the analysis of
sulfonamides. The optimum absorbing wavelength of the
sulfonamides was first investigated. Then a mixed standard
solution of four sulfonamides was analyzed at the optimum
wavelengths (with a mobile phase flow rate of 0.70 mL/min,
a 40°C column temperature and a 20 pL sample volume)
to obtain the optimum compositions of the mobile phase
(% acetic acid and acetonitrile).

24 Synthesis of polypyrrole/Si0,/Fe;0,
nanoparticles

Figure 1A shows a schematic presentation forthe synthesis of
polypyrrole/$i0, /Fe;0, nanoparticles. Fe;O4 nanoparticles

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Sep. Sci. 2015, 00, 1-7

were first prepared by a chemical coprecipitation method [12].
Briefly, 4.70 g of FeCl3-6H; O and 1.70 g of FeCl;-4H,O were
dissolved in 80 mL of deionized water. Under vigorous stir-
ring at 80°C, 10 mL of ammonium hydroxide ({309 v/v) was
added dropwise into the solution over a period of 5 min
and the stirring was continued for another 55 min during
which time the magnetic particles were formed. The parti-
cles were then separated using a magnet, washed three times
with 100 mL of water, and then dried at 60°C in an oven for
24 h.

For Si0; coating, 2.0 g of Fe3 O, nanoparticles were added
into a solution containing 100 mL of ethanol, 50 mL of deion-
ized water and 2.0 mL of ammonium hydroxide {30% v/v)
and sonicated for 15> min. A 2.0 mL of TEOS was added drop-
wise into the solution while stirring at 300 rpm, and 40°C,
after which the solution was heated for 12 h. The $i0, /Fe;0y
particles were collected by a magnet, washed with 20 mL of
methanol, 20 mL of deionized water, and dried at 60°C in an
oven for 6 h.

The $i0,/Fe;0, particles were washed with 5.0 mL of
2-propanol before being incubated in 5.0 mL of pyrrole
monomer for 1 h then residue monomer was removed from
the sorbent. To polymerize the pyrrole, 0.64 g of FeCl; (ox-
idant) was dissolved in 20 mL of 2-propanol and added
into the pyrrole/Si0;/FesO, in a rotator tube. The poly-
merization was completed on a rotator mixer for 9 h. The
polypyrrole/Si0; /Fe; Oy was then washed twice with 10 mL
of 2-propanol, methanol, and deionized water, respectively.
The particles were dried at 60°C in an oven for 6 h.

25 MSPE procedure

Polypyrrole/Si0;/FesOy mnanoparticles were used as the
MSPE sorbent in an extraction procedure as shown in
Fig. 1B. The initial conditions used in the extraction were as
follows. After 100 mg of polypyrrole/S8i0, /Fe; O, the nanopar-
ticles were conditioned in a vial with 2.0 mL of methanol and
deionized water, respectively, 5.0 mL of gpiked water sam-
ple wag added and stirred for 30 min. The sorbents, with
bound sulfonamides, were then separated using a magnet
and the solution was descanted. The analytes were desorbed
from the sorbent with 5.0 mL of methanol by sonication for
30 min. The desorption solvent was then evaporated to dry-
ness at 50°C, redissolved in 0.5 mL of methanol and filtered
through a PTFE filter {(0.22 pm) for HPLC analysis.

To obtain the maximal extraction efficiency, the main
affecting parameters were optimized by varying one param-
eter at a time, while the others were kept constant. These
included the amount of the sorbent, sample pH, extraction
time, desorption conditions, and effect of the ionic strength.
Each experiment was done in triplicate. The extraction effi-
clency was evaluated in terms of recovery. The optimizations
were performed using 5.0 mL of water sample spiked with a
standard solution to obtain a final concentration of 20 pg/L
for each sulfonamide.
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2.6 Water samples

The developed sorbent was applied to the extraction and pre-
concentration of sulfonamides in tap, canal, and lake water
samples. Tap water was collected from a laboratory; other
samples were collected from the Wong and U-Tapao canals
in Hat Yai city, Songkhla, Thailand, and Songkhla Lake,
Thailand. Each water sample was filtered through a 045 pin
membrane to remove suspended particles and stored in a
brown glass bottle at 4°C.

3 Results and discussion
3.1 Optimum HPLC conditions

The optimum HPLC conditions for the determination of sul-
fonamides werefound to be, mobile phase: a mixture of 0.20%
acetic acid and acetonitrile (70:30v/v), flow rate: 0.70 mL/min,
absorption wavelength: 270 nm. These conditions provided
a good peak separation for sulfadiazine, sulfamerazine, sul-
famethazine, and sulfamonomethoxine with retention times
of 8.04, 9.63, 11.03, and 13.48 min, respectively.

3.2 Characterization of polypymole/SiO;/Fe; 0,

The FIIR spectra of the Fe;O;, Si0O;/Fes0y, and
polypyrrole/SiO; /Fe; O, nanoparticles are shown in Fig. 2A.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. A schematic dia-
gram representative the syn-
thesis of polypyrrole/Si0,/Fe; 04
nanoparticles sorbent (A} and
the extraction of sulfonamides
using the MSPE sorbent (B).

Fe;0, showed a characteristic peak at 587 cm! (Fe-Ostretch-
ing). An absorption peak at 1083 cm™! ($i-O-Si) indicated
the formation of a silica coating on the Fe3O4 surface. The
peaks at 1556 and 1480 cm™! in Fig. 2A (c and d) were re-
lated to the absorption of the pyrrole ring, and indicated
the successful coating of the polypyrrole onto the surface
of Si0,/Fe;0y nanoparticles. The SEM micrograph of the
polypyrrole/SiO, /Fes Oy sorbent (Fig. 2B) confirmed that the
magnetic sorbents were fairly uniform in size and shape, with
an average particle size of 70 & 10 nm (n = 100). Figure 2C
illustrates the dispersion and agglomeration processes of the
polypyrrole/SiO,/Fe; 04 nanoparticles. The homogeneously
dispersed magnetic nanoparticles adhered to the side wall of
the vials when the external magnetic field was applied and
the solution became transparent within 1 min.

3.3 Optimization of the MSPE procedure

3.3.1 Type of sorbent

The extraction capabilities of the Fe; Oy, 8i0;/Fe;0y, and
polypyrrole/SiO;/Fe; Oy are shown in Supporting Informa-
tion Fig. 1. The recoveries of the sulfonamides significantly
increased in the presence of polypyrrole, and indicated that
the polypyrrole had a strong influence on the extraction pro-
cess because it adsorbs sulfonamide by m—r and hydrophobic
interactions.

Www.jss-journal.com
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3.3.2 Amount of sorbent

The effect of the amount of polypyrrole/Si0; /Fe; O, was in-
vestigated over the range of 10-100 mg and the recoveries in-
creased with the sorbent amount from 10 to 20 mg, and then
remained constant (Supporting Information Fig. 2). That is,
20 mg of sorbent was sufficient for the extraction of sulfon-
amides and 20 mg was selected for subsequent experiments.
This is much less than a traditional Ciz SPE cartridge, us-
ing ca. 50-100 mg of sorbents. The result indicated that the
developed sorbent had a high adsorption efficiency, and a sat-
isfactory extraction efficiency was achieved by using a much
lower amount than any previous commercial SPE sorbent.

3.3.3 pH of the sample

Sample pH plays an important role in the adsorption of target
analytes on the sorbent. Its influence was investigated in the
range of pH 3.0-9.0 by adjusting with HCl or NaOH. At
a pH 6.0 and 7.0, in which sulfonamides are in a neutral
form [14], a high recovery of = 80% was obtained for all tested
sulfonamides (Fig. Supporting Information 3). At a sample
pH lower than 6.0, the extraction efficiency was reduced,
probably because of the protonation of the amine group of the
analyte [15] making it more difficult to form a hydrogen bond
with the sorbent. The extraction efficiency also decreased at
a pH value above 7.0 but as a result of the anionic nature
of sulfonamides since they would become more negatively
charged [14] hence, the hydrophobic interactions between
sulfonamides and the sorbent would be reduced. Since, the
water samples pH values are normally in the range of 6-7,
there is normally no need to adjust their pH values.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (A} FTIR spectra of Fe;O4 {a),
Si0s/Fe;0y4 (b}, polypyrrole/SiOs/Fe;O4 (cl,
and polypyrrole (d}, (B} SEM image of
polypyrrole/SiO./Fe;0,4, (C) the dispersion
{leftt and separation (right} process of
polypyrrole/SiO,/Fe;0, sorbent by an exter-
nal magnet.

3.3.4 Extraction time

Extraction time, the time required for the adsorption of the
analyte from the sample solution into the sorbent, was also
important. The extraction time was investigated in the range
of 2-40 min to achieve the best extraction efficiency with
the shortest analysis time. The extraction efficiency increased
with extraction time from 2 to 20 min, after which it remained
almost constant (Supporting Information Fig. 4). Therefore,
the extraction time of 20 min was selected for further studies.

3.35 Desorption temperature

The effect of the desorption temperature was studied from 25
to 50°C in which the extraction efficiency increased with the
desorption temperature and reached the highest level at 45°C
(Supporting Information Fig. 5). A lower efficiency at a lower
desorption temperature may be caused by a slower diffusion
rate of the analyte from the sorbent to the desorption solvent
while the higher temperatiire may result in the volatilization
of the desorption solvent, thus, the solvent volume was re-
duced. Therefore, 45°C was used for further experiments.

3.3.6 Desorption solvent, volume, and time

The selection of an appropriate solvent to desorb the an-
alytes from the sorbent before instrumental analysis was
important in a MSPE procedure. Since, the adsorption of
sulfonamides onto the polypyrrolef $i0; /FeaO4 nanoparticles
was based on m—m and hydrophobic interactions, the desorp-
tion solvents of different polarities needed to be considered.
Methanol, acetonitrile, acetone, propanol, ethyl acetate, and
hexane were investigated. The results indicated that when
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Table 1. Recoveries of sulfonamides in real water samples {(n = 5)
Water samples Added (pg/L) Recovery (%)
sbZ SMZ SMT SMX
Tap water 5 938 + 4.2 948 + 27 97.1 + 1.4 956 + 37
20 898 £ 53 937 + 43 9%.6 + 24 94.2 + 36
100 918 £ 45 86.7 + 3.1 90.8 £ 53 90.2 + 41
Canal water 5 948 + 4.0 955 + 20 936 + 3.7 947 + 42
20 892 + 20 920 £ 10 934+ 38 918 £+ 30
100 86.7 +£ 3.0 90.0 + 30 93.0 + 15 91.2 + 48
Lake water 5 950 +£ 29 99.7 + 46 93.7 + 4.2 970 £ 18
20 977 £ 25 919+ 10 96.2 + 4.2 954 + 33
100 930 + 2.1 90.1 + 49 87.6 + 3.0 92.1 + 31
ubility of analytes in the aqueous phase was reduced when
1.6 - o the ionic strength was increased, and the analytes that par-
titioned into the adsorbent was enhanced [17]. The effect of
5 12 smz ionic strength was investigated by varying the concentration
'% et of NaCl in the water sample over the range of 0-10% w/v. In
5 o8 SMX this system, the ionic strength had a negative effect on the
a extraction efficiency (Supporting Information Fig. 9) proba-
& bly because the increase of the salt concentration increased
04 b the soluton viscosity, hence, this reduced the diffusion
a rates of analyte from the water to the sorbent, hence, there
0.0 T T T r J was decreased extraction efficiency [18]. Therefore, no salt
0 4 8 12 16 20

Time (min)

Figure 3. Chromatograms of spiked water sample canal 1
(10.0 pg/L) without extraction (A} and with extraction using
polypyrrole/SiOa/Fe; 04 sorbent (B).

a slightly nonpolar {propanol, ethyl acetate) and a nonpo-
lar (hexane) solvents were used a low desorption efficiency
was obtained (Supporting Information Fig. 6) probably be-
cause the polypyrrole/Si0, /Fe;04 sorbent could not be dis-
persed well in these solvents. For the other three solvents,
methanol provided the highest desorption efficiency with ace-
tonitrile and acetone providing a slightly lower value. There-
fore, methanol was employed. Another advantage of using
methanol was that, after desorption the solvent must be re-
moved and methanol evaporated faster than acetonitrile due
to its lower boiling point.

The influence of the volume of methanol was also inves-
tigated. The results showed that all analytes could be com-
pletely desorbed from the sorbent by sonication with 3.0 mL
of methanol (Supporting Information Fig. 7). As for the des-
orption time 20 min was sufficient to obtain the maximum
desorption efficiency for all analytes (Supporting Information
Fig. 8).

3.3.7 Effect of ionic strength

The mechanism of mass transfer of the analytes in the MSPE
can be influenced by the ionic strength [16] because the sol-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was added to the sample solution.

3.4 Reproducibility and reusability

The preparation of the polypyrrole/SiO,/Fe;0y sorbent was
investigated for batch-to-batch reproducibility. Six different
batches were used to extract sulfonamides (200 pg/L) in
spiked deionized water under the same conditons. The av-
erages of the recoveries of the six batches were: sulfadiazine
88.2 £1.5%, sulfamerazine 86.7 £ 3.1%, sulfamethazine 86.5
+ 3.3%, and sulfamonomethoxine 87.8 £+ 2.7% with RSDs in
the range 1.7-3.9%. These were better than the acceptable val-
ues recommended by the AOAC (recovery = 80-110%, RSD
= 32%), and indicated that the preparation procedure of the
polypyrrole/Si0O,/Fes 04 sorbent has a good reproducibility.

The reusability of the sorbent was also investigated. Af-
ter desorption the used polypyrrole/SiO,/Fe;O4 sorbent was
washed by stirring for 1 min in 2.0 mL methanol and 2.0 mL
deionized water, respectively. After washing the sorbent was
tested with a blank sample where no HPLC response was ob-
served indicated that there was no carryover of the analytes.
The sorbent could be reused for up to 16 times (Supporting
Information Fig. 10} while maintaining recoveries of sulfon-
amides =80% (acceptable value 80-1109) [19].

3.5 Comparative studies

The efficiency of the developed sorbent was compared to a
commercial SPE sorbent, HLB. HLB was conditioned with

www.jss-journal.com
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Table 2. Comparison of the developed method with other methods for the determination of sulfonamides

Extraction method Sample Extractiontime  Sample Extractants LOD {pg/L} Recovery (%) References
{min) volume (mL}

Dispersive Water 3 5 Chloroform 0.41-9.87 78117 [81
liquid-liquid
microextraction

Liguid-liquid—iquid Water 45 12 Organic solvent 0.11-0.77 86-109 [5]
microextraction

Micro-solid phase Water 20 45 MIP sorbent 0.2-30 10-120 [20]
extraction
{Molecularly
imprinted polymer}

In-line solid phase Water 15 475 HLB particles 0.38-0.56 52-109 [21]
extraction

Solid phase extraction  Water 2% 250 HLB cartridges 0.15-1.0 70-104 [6]

Stir bar sorptive Milk 10 4 Cig 0.9-105 68-120 [22]
extraction

Stir bar sorptive Milk 60 50 Monolithic material 1.3-79 55126 [23]
extraction

Magnetic solid phase  Water 20 1 Fes04/Graphene oxide  50-100 67-120 [24]
extraction

Magnetic solid phase  Water 20 5 polypyrrole/Si0;/Fe; 05 0.3-1.0 87-100 This work
extraction

2.0 mL of methanol followed by 2.0 mL of deionized water
and then loaded with 5.0 mL of spiked water sample (20 ng/L
of sulfonamides), desorbed with 3.0 mL of methanol and
detected by HPLC. Similar recoveries were obtained (Sup-
porting Information Fig. 11), and the average recoveries of
the two sorbents were compared statistically by the paired
t-test and there were no significant difference between the
two sorbents (p > 0.05). The advantages of the developed
method over the traditional SPE sorbent are that they were
simpler to use and required a shorter extraction time. In ad-
dition, the polypyrrole/SiO, fFe;0, sorbent could be reused
for a maximum of 16 times, whereas the commercial HLB
sorbent cannot be reused.

3.6 Analytical performance

The performances of the developed method, i.e. linearity,
LOD, and LOQ, were investigated under the optimal condi-
tions. The calibration plot of the peak areas versus sulfon-
amides concentrations in spiked deionized water provided
a wide and good linearity (r* > 0.997) (Supporting Informa-
tion Table 1). The RSDs for each concentration were less than
10%. While the LOD (S/N = 3) and LOQ (S/N = 10) were also
very low in the pg/L range (Supporting Information Table 1).

3.7 Real sample analysis
To assess the practical applicability of the developed method,

it was applied to determine sulfonamides in tap, canal, and
lake water samples. The chromatograms of the spiked water

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

samples (10.0 pg/L) without extraction and with extraction
using polypyrrole/Si0,/Fe; O, sorbent are shown in Fig. 3.
In the real water samples, only a low concentration of sul-
fadiazine was detected in the canal and lake water samples
(Supporting Information Table 2).

To evaluate the accuracy of the developed method, the
water samples were spiked with the sulfonamides stan-
dard solutions to obtain the concentrations of 5.0, 20.0, and
100 pg/L. The recoveries of all tested sulfonamides in the
water samples were in the range of 86.7-99.7% (Table 1) with
the RSDs of less than 6%. The recoveries were in the ac-
ceptable range of 80-110% [19] and indicated that there was
no effect from the matrix composition of the water samples.
It can be concluded that the developed sorbent was suitable
for the extraction and determination of trace sulfonamides in
real water samples.

3.8 Comparison of the developed method
with other methods

Several sample preparation methods have been reported for
the analysis of sulfonamides in various sample matrices
and the performances of these methods are summarized in
Table 2. In the case of the LODs, the values from this work
were within the same range [5,6,20,21] or better than some
methods [8, 22-24]. However, for two of these that have sim-
ilar LODs [5, 6] they required a longer extraction time and
larger sample volumes. For the other two [20,21] although the
extraction conditions were similar to the developed method,
their recoveries were not so good. When the recoveries were
considered, the performance of the developed method was
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79



80

J. Sep. Sci 2015, 60,1-7

either comparable [5, 6] or better than [20-23] the other meth-
ods. This dearly indicates that the developed method has high
extraction efficiency and sensitivity. This is because the tar-
get analytes in the solution can be easily adsorbed onto the
sorbent that provided a large adsorption capacity. The other
advantage is that the sorbent can be separated rapidly from
the sample solutions using an external magnetic field. More-
over, it can be reused for at least 16 times, which helps to
reduce analysis costs and time. This indicates that the pro-
posed new method has a better accuracy and is also probably
much cheaper to use.

4 Conclusions

In this work, a MSPE polypyrrole/8i0; /Fe;O4 sorbent was
developed and successfully used for the extraction of sulfon-
amides from in water samples, followed by HPLC analysis.
The magnetic property provided a convenient and fast sep-
aration of the sorbent from the water sample by applying
an external magnetic field. Other advantages included it was
simiple to prepare with a relatively low cost (0.4 USD per sam-
plej and could be reused or at least 16 times without loss
of extraction efficiency, so the total cost of time and analy-
sig was reduced. In addition, the developed method provided
a low detection limit, good accuracy, precision, and repro-
ducibility that were suitable for the determination of trace
sulfonamide contamination in envirommental water sam-
ples. This could certainly be applied for the determination
of other aromatic compounds such as polycyclic aromatic
hydrocarbons.
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Table S1. Analytical performance of the polypyrrole/SiO,/Fe;Oy4 sorbent

Linear

LOD LO
Compounds range Regression line equation 2 1 Ql
i (vgL?) (ugl)

(ne L)
SDZ 0.30-200  y=(0.6850+0.0071)x+0.512+0.053)  0.9990 0.30 1.0
SMZ 0.30 - 200 y=(0.839+0.013)x+(1.29+0.92) 0.9978 0.30 1.0
SMT 1.0-200 y=(0.986+0.010)x+0.95+0.73) 0.9992 1.0 4.0
SMX 1.0-200  y=(0.995010.0062)x-(0.0410.43)  0.9997 1.0 4.0




Table 8§2. Concentration of sulfonamides determined in real water samples

. - -1
Water sample Concentration (g L7)

SDZ SMZ SMT SMX
Tap water 1 ND ND ND ND
Tap waler 2 ND ND ND ND
Canal water 1 6.46 = 0.51 ND ND ND
Canal water 2 ND KD ND ND
Lake water 1 7.30=033 ND ND ND
T.ake water 2 3.45-0.81 ND ND ND

ND-Not detected
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