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Abstract

This thesis aimed to develop a hierarchical nanocomposite adsorbent
incorporated a zinc oxide and carbon foam embedded in a magnetic molecularly
imprinted polymer (ZnO@CF@Fe304-SiO2-NH2@MIP). The adsorbent was utilized
for the extraction and determination of sulfonamides. The fabricated adsorbent was
characterized, the fabrication and extraction conditions were optimized and the
extracted sulfonamides were determined using high performance liquid
chromatography. The zinc oxide carbon foam helps to improve the adsorption of
sulfonamides. The molecularly imprinted polymer provided highly specific recognition
cavities for three sulfonamides and the magnetic material enabled the rapid isolation of
the adsorbent after adsorption and desorption. Under optimum conditions, the
developed method provided a good linearity from 2.0 to 150.0 pg L with the
coefficient of determination better than 0.995. The limit of detection and limit of
quantification were 2.0 and 5.0 pg L, respectively. The developed method was
successfully applied to determine sulfonamides in milk and water samples with
extraction recoveries between 84.3 and 96.2 % and RSDs lower than 7 %. The
advantages of the developed nanocomposite adsorbent are high specificity and

extraction efficiency, simplicity and convenience, and good stability that enables reuse.
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The relevance of the research work to Thailand

The aim of this Master of Science Thesis in Chemistry (Analytical chemistry)
was to develop and evaluate the performances of magnetite nanocomposite adsorbent,
which was modified with amine, composited with carbon foam, and coated with
molecularly imprinted polymer for the determination of sulfonamides in milk and water
samples using high performance liquid chromatography coupled with diode array
detector (HPLC-DAD).

This developed adsorbent has several advantages including high extraction
efficiency and useful for the simultaneous extraction and determination of sulfonamides
in milk and water samples. It can be used by several government agencies in Thailand,

the Ministry of Public Health, Ministry of Environment and the Ministry of Education.
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1. Introduction
1.1. Background and rationale

Sulfonamides are widely used as veterinary antibiotics to prevent infectious
bacterial diseases and to support animal husbandry and fish farming (Shi et al., 2011).
The existence of residual sulfonamides in animal products and the environment is an
unavoidable result of the wide usage of these antibiotics. The adverse effects of
sulfonamides on humans can cause allergic reactions, damage to the urinary system and
inhibition of leukocyte generation. Owing to the long-term and excessive usage of
sulfonamides, the accumulation of residues in the food chain is becoming an
increasingly serious problem (Ayankojo et al., 2020). Sulfonamides have been
continuously employed in animal husbandry and fish farming such as sulfadiazine
(SDZ), sulfamethazine (SMT) and sulfadimethoxine (SDM) because of their cost
effectiveness and broad antibacterial spectrum. Therefore, the determination of
sulfonamides residue in food products and environment is an importance.

Several methods have been reported for the determination of sulfonamides such
as chromatographic techniques (Charitonos et al., 2017; Sukchuay et al., 2015;
Yazdanfar et al., 2021), fluorescence spectroscopy (Orachorn & Bunkoed, 2021),
UV-Vis spectroscopy (Shakirova et al., 2021) and electrochemical sensors (Li & He,
2021; Melo Henrique et al., 2021). Among these methods, high performance liquid
chromatography (HPLC) is the most widely used. Since HPLC uses an analytical
column to separate analytes before quantification. However, residual sulfonamides in
food and environment are normally at trace levels which cannot be directly determined
by instrumental analysis. Therefore, the sample preparation is recommended to
preconcentrate the analyte and to remove the interferences prior to instrumental
analysis. Several sample preparation method were used for the extraction of
sulfonamides including solid phase extraction (SPE) (Moga et al., 2020; Wen et al.,
2020), liquid-liquid microextraction (LLME) (Shakirova et al., 2021), deep eutectic
solvents (DESs) (Shishov et al., 2020) and magnetic solid-phase extraction (MSPE)
(Sukchuay et al., 2015). MSPE is a simple and rapid procedure (Jullakan & Bunkoed,
2021) which avoids the problems of conventional SPE, which is usually time-

consuming and requires complicate manifold system.



The extraction efficiency of target analytes is normally depends on the
effectiveness of the adsorptive material. VVarious materials have been utilized to extract
sulfonamides including carbon nanotubes (Zheng et al., 2021), polypyrrole (Sukchuay
et al., 2015), covalent organic frameworks (Zhang et al., 2020), functionalized ionic
liquids-supported metal organic frameworks (Lu et al., 2020), poly(ethylene glycol)
diacrylate (Moga et al., 2020), molybdenum disulfide nanosheets (Li Juan et al., 2020)
and graphitic carbon (Liu et al., 2020). An interesting material for the extraction of
sulfonamides in complex samples is molecularly imprinted polymer (MIP). MIPs are
highly specific to target analytes and can reduce the co-adsorption of interferences in
real samples. In addition, MIPs are easily synthesized and chemically stable.

MIPs can be integrated with other materials to produce a composite adsorbent
with improve affinity for the target analytes. Zinc oxide (ZnO) has been reported to
effectively extract sulfonamides. However, it has poor dispersibility and readily
aggregates (Zhang et al., 2016). ZnO incorporated with carbon foam is more interesting
material that has shown exciting potential for the extraction of target compounds since
it has a specific pore structure, a highly geometric surface area and good thermal
stability. This composite material can adsorb sulfonamides via hydrophobic and n-n
interactions and hydrogen bonding. The specificity of a MIP adsorbent can be improved
by incorporating ZnO@Carbon foam.

In this work, a hierarchical nanocomposite magnetic adsorbent was fabricated
by integrating a ZnO@Carbon foam nanocomposite and magnetite nanoparticles
(Fe304) with a molecularly imprinted polymer (ZnO@CF@Fe304-SiO2-NH@MIP).
The developed hierarchical nanocomposite adsorbent was characterized and the
fabrication strategy and extraction condition were optimized. The developed adsorbent
was applied as the dispersive magnetic solid phase extraction (d-MSPE) of
sulfonamides in milk and water samples. The extraction efficiency of the developed
adsorbent was also compared with a commercial sorbent for the extraction of three
sulfonamides, sulfamethazine (SMT), sulfadiazine (SDZ), and sulfadimethoxine
(SDM).



1.2. Objective

To develop a selective and high extraction efficiency adsorbent using magnetic
hierarchical molecularly imprinted polymer nanocomposited with zinc oxide carbon
foam (ZnO@CF@Fe304-SiO2-NH@MIP) for the extraction and preconcentration of
sulfonamides.

1.3. Chemical properties and toxicity of sulfonamides

Sulfonamides (SAs) are broad-spectrum antibiotics (Fig. 1.1), which widely
used in animal husbandry and aquaculture, they can prevent or treat 30 bacterial
infections (Lin et al., 2020). Sulfonamides are utilized in animal production, and an
estimated 60% of livestock have been exposed to them. The expanding use of
sulfonamides in medical treatments and animal farming, along with poor waste
management procedures, resulted in major environmental issues as residues (Rozaini
etal., 2019). Antibiotics can transfer to human bodies through consumption of milk and
residues in aquaculture water.

Among those types of sulfonamides, sulfadiazine, sulfamethazine and
sulfadimethoxine have been mostly used in treating diseases. Sulfadiazine, a sulfa drug,
eliminates bacteria that cause infections, especially urinary tract infections.
Sulfamethazine is used for pneumococcal, staphylococcal, and streptococcal infections
as well as for sepsis, gonorrhea and other infectious diseases. Sulfadimethoxine is used
almost exclusively for the treatment of intestinal parasites known as Coccidia (Ji et al.,
2017).

According to the Food and Drug Administration (FDA) report, there are several
diseases that have been treated by sulfonamides. Sulfonamide residues in the human
body lead to allergic sensitization and invasive growth of tumor cells through one or
several mechanisms, which make sulfonamides ineffective in the treatment of several

diseases in the long term.


https://www.marvistavet.com/coccidia.pml

However, sulfonamides have some disadvantages regarding to their toxicity.
European Commission has released a rule which is about the maximum residue level
of sulfonamides in animal tissue which is stated in Commission Regulation (EU) No
37/2010. The maximum residue levels of sulfonamides in food products are shown in
Table 1. Some researchers have studied about the toxic effect of sulfonamides for the
human body. The effect includes hemolytic anemia, leukopenia and thrombocytopenia
may occur. The most important organ affected in toxicity is the kidney. The patient
had some symptoms such as dizziness, diarrhea, nausea, vomiting and serious skin
rashes (Kester, Karpa, & Vrana, 2012).
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Figure 1.1 Chemical structure of sulfonamides



Table 1. The maximum residue level of sulfonamides in food animal products

Animal species MRL (ug kg™) Target tissue
Muscle
All food producing species 100 Fat
Liver
Kidney
Bovine
Ovine 100 Milk
Caprine

1.4. High performance liquid chromatography (HPLC)

HPLC has been widely utilized for the quantification of sulfonamides due to its
high sensitivity and good precision (Lin et al., 2020). HPLC is a separation technique
based on the distribution of analytes between a stationary phase and mobile phase using
high pressure to push through the column. Revered phase HPLC is typically used for
the separation and determination of sulfonamides. This mode use of a polar mobile
phase and a non-polar stationary phase. The separation time depend on the type of
stationary phase, the chemical property of the analytes, the molecules are retarded in
column and passed to detector. The signals are converted and recorded by computer

software. A schematic of a typical HPLC system is showed in Fig. 1.2.
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Fig. 1.2 A schematic of an HPLC system

To obtain the best performance including good sensitivity and separation, and
short analysis time some parameters of HPLC system must be investigated including
the mobile phase composition, flow rate of mobile phase and detection wavelength. The
mobile phase composition relies on the polarity of the analytes and the HPLC mode.
The suitable mobile phases for the separation of sulfonamides are shown in Table 2.

The stationary phase is a vital part for the separation of target analytes in
complex mixtures and its selection is an important for the good result of the analysis
which are work together with the mobile phase to pass through the system. Several
types of stationary phase were reported for the separation and determination of
sulfonamides including octadecyl (C18) which is dependent on the contact surface area
between the nonpolar moiety of the target analytes and the stationary phase. In this
study, the separation column was a Fortis™ RP C18 (4.6 x 150 mm I.D., 5.0 um particle
size) and contain octadecyl modified silica which were used for the separation of

sulfonamides are shown in Table 2.



The detector was used for the identification of analytes. It is based on specific
property of analytes, composition of mobile phase and sample which signal response to
a specific compound. There are several detectors available for the quantification of
sulfonamides such as ultraviolet (UV) (Shietal., 2011), diode-array detector (DAD)
(Qi et al., 2015), fluorescence (FLD) (Patyra et al., 2019) and mass spectrometer (MS)
(Yao & Du, 2020).

Diode array detector (DAD) is commonly used in liquid chromatography. DAD
had a wide range of wavelengths to screening for many drugs and toxic substances and
ability to select the best wavelength for analysis. In addition, DAD had some
advantages such as sensitive and selective for the detection of many compounds
(Xia et al., 2020). In this work, the diode array HPLC detectors was used for analysis

of sulfonamides since it was selective, sensitive and reliable detector.



Table 2. Mobile phase composition for the separation and determination of sulfonamides

Column Mobile Phase Flow Rate  Detection References
(mL/min) (UV) nm
Cis 0.5% sodium dihydrogen phosphate aqueous solution -ACN 20 270 (Yao & Du, 2020)
(85:15, viv)
CTO 20AC Water: ACN containing 0.1% (v/v) formic acid 1.0 200-360  (Chatzimitakos & Stalikas, 2020)
Ultimate AQ-C1s ACN: water (30:70, v/v) 1.0 270 (Lietal., 2018)
C1s Kromasil \;'Vztcer containing 1% HAcO (pH = 3.2) and ACN with 1% 10 280 (Ancuta Moga et al., 2020)
Cig Hichrom Methanol: water adjusted to pH = 3 1.0 262 (Sadeghi & Olieaei, 2019)
Hypersil gold Water: ACN (5:95, v/v) 1.0 270 (Xia et al., 2020)
Zorbax SB-Cis ater with 1% acetic acid at pH 4.0: ACN (75:25, viv) 1.0 269 (Nasir et al., 2019)
SUPELCO Cis gf725°1/o formic acid: mixture of ACN and methanol at a ratio 10 57 (Bogdanova et al., 2020)
Replete RPL-
: : Mokh ., 201

52000 ACN: methanol (8:92, v/v) 1.0 265 (Mokhtar et al., 2019)
InertSustain C1s  Methanol: 0.01 mol L oxalic acid in water (32:68, v/v) 0.7 - (Luetal., 2020)




1.5. Sample preparations

Sample preparation is an important step for the detection of sulfonamides in
various matrices. The aims for doing sample preparation are to clean-up and
preconcentrate the target analytes in complex matrices to reach low detection limit
(Feng et al., 2016). There are several things that should be considered in sample
preparation such as the degree of selectivity, the time consuming for sample
preparation, enhances extraction efficiency and simple to carry out (Yang et al.,
2019). Sample preparation is needed for the determination of sulfonamides due to its
existence in trace level. Several sample preparation techniques have been developed for
the extraction and preconcentration of sulfonamides in various samples (Table 3).

1.5.1 Liquid liquid extraction (LLE)

Liquid liquid extraction (LLE) is based on the principle that a solute or an
analyte can distribute itself in a certain ratio between two immiscible solvents, usually
water (agueous phase) and organic solvent (organic phase). LLE is widely used in
sample preparation for cleanup and enrichment, which results in signal enhancement
(Su et al., 2017). However, there are some drawbacks such as often cumbersome and
time-consuming, especially requires large amounts of organic solvents which pose
health and environmental hazards (Di et al., 2019).

1.5.2 Solid phase extraction (SPE)

The basic principle of SPE is the partitioning of compounds between two phases
of solid and liquid. The target analytes must be greater affinity to the solid phase than
for the sample matrix. The compounds retained (analytes) on the solid phase can be
removed by eluting solvent with a greater affinity (Mukherjee, 2019). SPE procedures
are basically consist of four steps including conditioning, sample loading, washing and
eluting (Fig. 1.3). The SPE method has attracted increasing attention in the separation
and purification of real samples due to the advantages of high recovery and simple
operation.

SPE can reduce time and solvent required, manage with a small amount of

samples and solvent compared to liquid liquid extraction (Salehi et al., 2016)
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Figure 1.3 Schematic representative the solid phase extraction procedure

1.5.3 Magnetic solid phase extraction (MSPE)

MSPE is a new mode of SPE, which based on the application of magnetic
adsorbents. A magnetic adsorbent takes an important role in the MSPE procedure
(Wang et al., 2019). MSPE is superior to SPE, such as being time saving (Mohamed et
al., 2019). The adsorbents do not need to be packed into a cartridge (as in traditional
SPE) and their separation can be easily achieved using an external magnet located
outside the extraction vessel, thus avoiding the need for centrifugation or filtration
makes the sample preparation easier and faster (Herrero et al., 2015). However, because
of the large number of active ingredients in food and the low concentration of residual
antibiotics. To overcome these problems, molecularly imprinted polymer (MIP) is an
alternative material that composited into adsorbent to increase selectivity and high

affinity.
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1.5.4 Molecularly imprinted polymer

MIPs are synthetic polymers with a predetermined selectivity for a given
analyte, or group of structurally related compounds, making them ideal materials to be
used in separation processes (Turiel & Esteban, 2020). MIPs provides some advantages
such as selective recognition of template in the presence of structural analogues, rapid
separation from complex matrix under an external magnetic field, high binding capacity
and outstanding adsorption (Zhong et al., 2018).

MIPs are widely used in the sample preparation techniques such as solid phase
extraction (SPE) (Cheng et al., 2021), dispersive micro solid phase extraction (D-p-
SPE) (Jalilian et al., 2021), stir bar sorptive extraction (SBSE) (Tang et al., 2018),
magnetic solid phase extraction (MSPE) (Liang et al., 2020). MIPs can be integrated
with other materials to produce a composite adsorptive material with improve affinity
for the target analytes. It can prevent the magnetic nanoparticles from aggregation and
increase the selectivity of magnetic nanoparticles (Du et al.,, 2018). The
co-polymerization method involves a functional monomer, a crosslinker, and a
molecular template. In the imprinted binding sites, the functional monomers are in
charge of the binding interactions. The cross-linker in the polymer network's function
is to organize the monomer into specific sites and orientations around the template
molecules, hence maintaining the binding site structure (specific cavities). During
template removal, the polymer contains cavities that are similar to template molecules
in size, shape, and functional group (Fig. 1.4). In addition, the benzene rings within
MIP-MSPE and sulfonamides would induce -7 interaction. This is an attractive
strategy for this work. Zinc oxide (ZnO) has been reported to effectively extract target
compounds. However, it has poor dispersibility and readily aggregates (Zhang et al.,
2016). ZnO incorporated with carbon foam is a more interesting material that has shown
exciting potential for the extraction of target compounds since it has a specific pore
structure, a highly geometric surface area and good thermal stability. This composite
material can adsorb sulfonamides via hydrophobic, =-r interactions and hydrogen
bonding. The specificity of an MIP adsorbent can be improved by incorporating
ZnO@Carbon foam. The interaction between target analytes and developed adsorbent

are presented in Fig. 1.5
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In this work, a hierarchical nanocomposite magnetic adsorbent was fabricated
by integrating a magnetite nanoparticle (FesOs) and ZnO@Carbon foam
nanocomposite to increase surface area. After that, MIPs was coated on the surface of

magnetite for the selective determination of sulfonamides in samples.
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Figure 1.4 The molecularly imprinting polymer process
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Figure 1.5 The interaction between target analytes and developed adsorbent
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. Extraction Sample volume
Extraction method Sample : . Extractant LOD Recovery (%) References
time (min) (mL)
Solid phase extraction S?:;an Methanol/acetic acid 855 - 106.1
(Molecularly imprinted solid phase i 10 (9:1, viv) 8.4 -10.9 pg kg* ' ' (Shi et al., 2011)
extraction, MISPE, 25 mg) "
Solid phase extraction Lake
(Molecularly imprinted solid phase river i 50 Methanol 0.010-0.014 pg L 87.4-102.3 (Fan et al., 2020)
extraction, MISPE, 20 mg MIP)
Solid phase dispersion L
(Matrix solid phase dispersion, MSPD, 50 Pork 3 - I(\gfalths?\?)llacetlc acid 05-3.0ngg* 745-102.7 (Wang et al., 2017)
mg) -
w’l'se&“'igym'g;p””ted silica gel, MISG Tap 10 125 5% ammoniain ACN  0.06 — 0.17 pg L 800960  (Rozaini etal., 2019)
Solid phase dispersion Animal- (Zhao et al., 2018)
(Molecularly imprinted polymer solid derived - 25 Water 0.02-0.1pugL? 63.5-115.7 B
phase dispersion, MIP-SPE, 50 mg) water
?5?‘(’23'&58“‘; ';:‘5‘)56 extraction (MIL- Milk 20 1 Water 0.012-0.145pgL?  79.8-1038  (liaetal, 2017)
Solid phase dispersion Wegs:;/;/tork
(Magnetic graphene oxide nanoparticles, aquaculture 20 200 Methanol 0.49-159ngL? 82.0 -106.2 (Gao et al., 2018)
MSPE-CMGO, 15 mg) q
water

Ultrasound-assisted dispersive micro N (Chatzimitakos &
solid phase extraction (20 mg of zinc Egg 30 20 A(_:N/ formic acid 0.06 -0.11 pg L? 88.0 - 101.0 .
ferrites) lake water (8:2, viv) Stalikas, 2020)
Agqueous two-phase sample pretreatment
method with solid phase extraction (ATP-  Fish tissue - 10 Methanol 58-11.7ngg?! 80.1-95.1 (Yao & Du, 2020)

SPE, HLB)
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2. Research Methodology
2.1 Chemical and reagents

Iron (I1) chloride tetrahydrate and iron (Il1) chloride hexahydrate were from
Sigma Aldrich (Steinheim, Germany). Sucrose was obtained from Ajax Finechem
(Australia). Zinc nitrate hexahydrate was from KEMAUS (Australia). Sulfamethazine
(SMT), sulfadiazine (SDZ), sulfadimethoxine (SDM), ethylene glycol dimethacrylate
(EGDMA), methacrylic acid (MAA), and 3-aminopropyltriethoxysilane (APTES) were
purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). Acetonitrile was
from Merck (Darmstadt, Germany). Alpha-azoisobutyronitrile (AIBN) was from BDH
Chemicals (Lutterworth, UK). Acetone, ethanol, acetic acid, and methanol were from
RCI Labscan (Bangkok, Thailand).
2.2 Instrumentation

The HPLC analysis was performed in gradient mode on an 1100 series HPLC
system (Agilent Technologies, Waldbronn, Germany) equipped with a C18 (4.6 x 150
mm 1.D., 5.0 um) analytical column for the separation of target sulfonamides. The
mobile phase was acetonitrile and 0.02 % (v/v) acetic acid at a flow rate of
1.0 mL min™t. The injection volume was 20 uL and the target sulfonamides were
detected at 270 nm. The morphology of the adsorbent was examined by field emission
scanning electron microscope (FESEM), (Apreo FEI, Netherlands). The infrared
spectra of the adsorbent and related materials were recorded by Fourier transform
infrared spectrometer (Bruker, Germany). The crystalline phases of the adsorbent were
determined by X-ray diffractometer (XRD) (Empreyan, PAN analytical, the
Netherlands). Magnetic properties were determined with vibrating sample
magnetometer (VSM) calibrated with a 3 mm diameter Ni sphere (Lakeshore 730908,
USA). The specific surface areas were determined by a Brunauer—-Emmett-Teller
(BET) surface area and pore size analyzer (Model ASAP 2060 Micromeristic, USA).
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2.3 Preparation of composite magnetic solid phase extraction adsorbent

2.3.1 Synthesis of Fe3s04-SiO2-NH2 nanopatrticles

FesOs4 nanoparticles were synthesized via a co-precipitation method in
accordance with a previous report (Kaewsuwan et al., 2017). Briefly, 3.40 g of
FeCl2-4H20 and 9.40 g of FeClz-6H20 were dissolved in 150 mL of deionized (DI)
water and transferred into a three-necked flask (250 mL). The solution was stirred under
nitrogen at 80 °C for 10 min and then 20 mL of ammonium hydroxide were added
dropwise and stirring proceeded continuously for 1 h, at which point Fe3Os
nanoparticles were obtained. The nanoparticles were separated with a magnet, washed
with 50 mL of DI water and dried at 70 °C for 5 h.

The Fe30s-SiO2-NH2 nanoparticles were prepared by dispersing 0.50 g of the
Fe3O4 nanoparticles in a 90 mL mixture solution of ethanol and deionized water (1:1
v/v) under ultrasonication for 30 min. Then, 0.70 mL of APTES was added and adjusted
to pH 4 with 1.0 M acetic acid. The reaction was performed for 3 h under stirring at
60 °C. The synthesized Fez0s-SiO2-NH2 nanoparticles were separated with an external
magnet, washed with 50 mL DI water and dried at 80 °C for 8 h.
2.3.2 Synthesis of zinc oxide incorporated carbon foam (ZnO@CF)

The ZnO@CF composite was synthesized according to a previous method
(Sajid et al., 2016). Briefly, 3.0 g of sucrose and 1.5 g of Zn(NOz3).-6H2O were
combined in a beaker and heated to 110°C. As the temperature increased, the mixture
started to melt. During melting, the mixture was continuously stirred with a glass rod
and started to turn yellow, expand and foam. After further heating for approximately
10 min at 110°C, the foam turned black and the ZnO@CF composite was obtained. The
synthesized ZnO@CF was stored in a desiccator until used.
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2.3.3 Synthesis of magnetic molecularly imprinted polymer (MMIPs)

For the synthesis of magnetic molecularly imprinted polymer, 0.019 g, 0.017g
and 0.015 g of sulfadimethoxine, sulfamethazine and sulfadiazine were dispersed in 60
mL of acetonitrile, respectively. Then, 90 pL of methacrylic acid was added into
dispersion solution and stirred for 12 h at room temperature. After that, 0.10 g of
Fe304@Si0O2-NH: and 0.050 g of ZnO@CF were added into the solution. The incubate
solutions were moved to three neck flask. Then, 3.8 mL of ethylene glycol
dimethacrylate (EGDMA) was added following by 0.0750 g of 2,2 azobisisobutyronitril
(AIBN). The polymerization was performed under N2 at 60°C for 24 h. The obtained
MMIPs were washed with a mixture of MeOH: acetic acid (8:2, v/v) and sonicated until
no sulfonamides were detected and washed with deionize water. The obtained
nanoparticles were dried in an oven at 80°C for 8 h.

The magnetic non-imprinted polymers (MNIPs) were synthesized using the
same method as MMIPs but without the existence of analyte (sulfonamides). The
preparation procedure of magnetic molecularly imprinted polymer is showed in Fig.
2.1.

/ s, v CHy 0
o \©\ HNAA 10‘(\/— Jﬁr( )\/\ )k(( ‘H,
NH, ) ' H,C O

S
H,( o) _// \\ o
& %

= o+ )
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,a (In3 (I'll; \ \ ’/'I‘emplaté’j /
“. - _(I_‘\_:A\_(lb_(_.\ yf’i removal
“‘, CH, CH; -

ZnO@CF AIBN & spz SMT % SDM

Fig. 2.1 The preparation procedure of the hierarchical nanocomposite
ZnO@CF@Fe30s-SiO2-NH.@MIP adsorbent for the extraction of sulfonamides
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2.4 Dispersive magnetic solid phase extraction (d-MSPE) procedure

The d-MSPE extraction of sulfonamides using the fabricated adsorbent is
showed in Fig. 2.2. 50 mg of the adsorbent were dispersed in 15.0 mL of sample
solution and stirred at 750 rpm for 30 min. After the adsorption of sulfonamides was
completed, the adsorbent was separated from the sample solution using a magnet. The
adsorbent particles were placed in 2.0 mL of a desorption solution of methanol and 1.0
M acetic acid (80:20 % v/v) and the adsorbed analytes were desorbed under
ultrasonication for 30 min. The adsorbents were separated with the magnet and the
desorption solution was evaporated to dryness at 50 °C. Finally, the residue was
dissolved in 1.0 mL of mobile phase and 20 uL was injected into the HPLC-DAD

system for analysis.

Sample solution
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Fig. 2.2 Magnetic solid phase extraction procedure using MMIPs for the extraction of

sulfonamides
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3. Results and discussion
3.1. HPLC condition

The HPLC condition was investigated for the analysis of sulfonamides and the
suitable condition is shown in Table 4. To obtain the best performance including good
separation, short analysis time and high sensitivity, a gradient system of mobile phase
was performed for sulfonamides analysis. The mobile phase was acetonitrile and 0.02
% (v/v) acetic acid at a flow rate of 1.0 mL min~2. The injection volume was 20 pL and
the target sulfonamides were detected at 270 nm. The total analysis time of three
sulfonamides is about 12.0 min with good separation of sulfadiazine, sulfamethazine
and sulfadimethoxine with retention times of 4.51, 6.04 and 9.88 min, respectively (Fig
3.1).

Table 4 HPLC condition for the analysis of sulfonamides

Parameters Conditions

Column Fortis™ C18 column (4.6 x 150 mm 1.D., 5.0 um particles size)

Flow rate 1.0 mL min*

Mobile phase Acetic acid 0.02% (v/v) (A) and acetonitrile (B)

Gradient system 0 min =22.0 % B, 5.0 min =35 % B, 8.0 min =45 % B, 10.0
min=35% B, 12.0 min=22% B

Detector Diode array detector (A =270 nm)

Injection volume 20 pL

Column temperature 30 °C
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Fig. 3.1 Chromatograms of sulfadiazine (SDZ), sulfamethazine (SMT) and
sulfadimethoxine (SDM) (75 ug L)

3.2 The characterization of magnetic molecularly imprinted polymer adsorbent

The functional groups of ZnO@CF, Fe304-SiO-NH, and the
ZnO@CF@Fe304-SiO2-NH@MIP adsorbent were investigated using FT-IR analysis.
The FT-IR spectrum of ZnO@CF (Fig. 3.2a), shows a peak at 758 cm™ from the Zn-O
stretching vibration and a peak at 2952 cm corresponding to the C—H bond vibration
of carbon foam. These peaks confirm that ZnO@CF was successfully synthesized. The
FT-IR spectrum of Fe304-SiO2-NH> nanoparticles (Fig. 3.2b) presents an adsorption
peak at 588 cm™ due to the stretching of Fe-O, a peak at 1622 cm™ corresponding to
—NH; stretching vibration, a peak at 1094 cm™ from the stretching vibration of the
Si-O-Si bond, and a peak at 3394 cm™ corresponding to the stretching of the O—H
bond. These characteristic peaks confirmed that the magnetic Fe3Os-SiO2-NH:
nanoparticles were successfully synthesized. In the FT-IR spectrum of the
nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP  adsorbent (Fig. 3.2c), the
absorption peaks at 3434 cm™ and 1390 cm™ were attributed to the C=N stretching
vibration, indicating that the MIP was successfully formed. The characteristic peaks
present in the spectra of ZnO@CF and Fe304-SiO.-NH2 were also present in the FT-IR
spectrum of the ZnO@CF@Fe304-SiO.-NH.@MIP adsorbent.
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Fig. 3.2 FT-IR spectra of ZnO@CF (a), Fe304-SiO2-NH2 (b) and the hierarchical
nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent (c)

The FESEM images of the ZnO@CF@Fe304-SiO-NH@MIP and
ZnO@CF@Fe30s-SiO2-NH2@NIP adsorbents in Fig. 3.3A and Fig. 3.3B show that
the ZnO@CF@Fe30:-SiO2-NH@MIP adsorbent has a rougher surface than the NIP
adsorbent. The difference in the surface morphologies is due to the formation of specific

recognition sites on the MIP adsorbent.
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Fig. 3.3 FESEM images of the hierarchical nanocomposite ZnO@CF@Fe30s-SiO»-
NH2@MIP (A) and ZnO@CF@Fe304-SiO2-NH2@NIP (B)

The magnetic properties of Fe3Os and ZnO@CF@Fe304-SiO2-NH@MIP
adsorbent were measured by VSM technique. The saturation magnetizations of FezO4
nanoparticles and ZnO@CF@Fe304-SiO2-NH2@MIP particles were 46.68 emu g™ and
5.69 emu g%, respectively (Fig. 3.4A). Although the saturation magnetization of the
ZnO@CF@Fe304-SiO2-NH@MIP  particles was lower than the saturation
magnetization of the Fe3O4 nanoparticles, the nanocomposite ZnO@CF@Fe30s-SiO»-
NH.@MIP adsorbent could nevertheless be easily separated from the sample solution

using a magnet (Fig. 3.4B).
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Fig. 3.4 VSM curves (A) of (a) Fez0s and (b) ZnO@CF@Fe304-SiO2-NH@MIP; and
Photograph of the dispersed composite adsorbent and the isolation of the adsorbent

from sample solution (B)

The thermal stability of the ZnO@CF@Fe30s-SiO2-NH>@MIP adsorbent was
determined by TGA analysis. The adsorbent exhibited good stability in the range of
25-200 °C (Fig. 3.5A). The thermal stability of the nanocomposite is therefore more
than adequate for d-MSPE at room temperature.

The XRD patterns of Fezs0s-SiO2-NH2 nanoparticles and the ZnO@CF@Fez04-
SiO2-NH2@MIP adsorbent both present diffraction peaks at 26 angles of 18°, 30°, 36°,
54°, 63° and 74° correspondingto (111),(220),(311),(422),(440),and (533)
planes, respectively (Fig. 3.5B). These results are characteristic of crystalline cubic
structures and demonstrated that the successful integration of ZnO@CF and Fe3Os-
SiO2-NH2 with the MIP did not change their characteristics.
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Fig. 3.5 TGA analysis curve (A) and XRD analysis (B) of Fe30s-SiO2-NH: and the
hierarchical nanocomposite ZnO@CF@Fe304-SiO.-NH.@MIP adsorbent

3.3 Type of adsorbent

The extraction efficiency of different types of adsorbent were evaluated
including Fe304-SiO2-NH2@NIP, ZnO@CF@Fe304-SiO-NH2@NIP, Fe304-SiOo-
NH@MIP, and ZnO@CF@Fe30:-SiO2-NH@MIP adsorbents (Table 5 and Fig.
3.6). The NIP adsorbents achieved lower extraction recoveries than the MIP adsorbents
since, unlike the MIP adsorbents, they did not have specific recognition sites for
sulfonamides. The ZnO@CF@Fe304-SiO2>-NH@MIP achieved higher recoveries than
the Fes04-SiO2-NH2@MIP. The incorporated ZnO@CF nanocomposite improved the
extraction efficiency of the adsorbent toward the target sulfonamides, and therefore the
nanocomposite ZnO@CF@Fe304-SiO2-NH.@MIP adsorbent was the most suitable of

the present materials for the extraction of sulfonamides.

Table 5 The extraction recoveries of sulfonamides using different types of adsorbent

Recovery (%) = SD
Adsorbent
SDz SMT SDM
Fe304-Si02-NH2@NIP 27.3£2.5 20.7£3.1 19.7£1.5
ZnO@CF@Fe304-SiO2-NH2@NIP 50.3+4.3 46.4+2.1 45.0+3.6
Fe304-Si02-NH@MIP 76.0+£2.0 72.3+2.5 75.0+4.6

ZnO@CF@Fe304-SiO2-NH@MIP 97.7£15 94.0+£3.9 97.3+4.7
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Fig. 3.6 Extraction efficiency of different adsorbents for the determination of

sulfonamides

3.4 Optimization of adsorbent preparation and MSPE conditions

The extraction efficiency was considered in term of recovery as follows:

Recovery (%) = (CFVF/CiV)) x 100

Where Ck is the concentration of sulfonamides in the reconstituted solvent, C, is the
concentration of sulfonamides in spiked water sample. Vrand V| are the volumes of the
reconstituted solution (1.0 mL) and sample volume, respectively.
3.4.1 Effect of type of desorption solvent

Desorption of the three target sulfonamides from the nanocomposite adsorbent
was performed with acetonitrile, ethyl acetate, acetone, methanol and a mixture of
methanol and 2.0 % acetic acid. The mixture of methanol and 2.0 % acetic acid provided
the best recovery (Table 6 and Fig. 3.7). The acidic condition can break hydrogen
bonding and, therefore, may enable more complete desorption of sulfonamides from
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the nanocomposite adsorbent. At the same time, methanol can disrupt hydrophobic and
n-1 interactions. Therefore, methanol containing 2.0 % (v/v) acetic acid was the most

effective desorption solvent investigated in this study.

Table 6 The extraction recoveries of sulfonamides using different types of desorption
solvent

Recovery (%) £ SD
Types of desorption solvent

SDZ SMT SDM
Acetonitrile 54.324.0 51.7+1.5 58.3+1.8
Ethyl acetate 42.3£1.5 44.3+2.5 41.3+0.6
Acetone 32.0£2.8 33.9+3.1 26.9+4.4
Methanol 65.7£1.5 61.3+1.5 64.0+£1.0
Methanol and 1% of acetic acid 76.7£1.5 76.0£1.7 76.0£1.0
Methanol and 2% of acetic acid 85.0£2.6 86.0£2.0 85.3£2.1
100 A BSDZ SSMT 2SDM
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Fig. 3.7 Effect of the type of desorption solvent on the recovery of sulfonamides using

the hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH2@MIP adsorbent
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3.4.2 Effect of ionic strength of sample solution

The ionic strength of the aqueous sample solution can affect the adsorption of
sulfonamides by reducing solubility. In this work, the effect of ionic strength was
investigated by adding different concentrations of NaCl to the sample solution. The
NaCl concentrations were 0.0, 1.0, 2.0, 5.0 and 10.0 % w/v. Extraction recoveries
increased with increments of NaCl up to 5.0 % w/v and decreased at 10 %w/v (Table
7 and Fig. 3.8) since sodium and chloride ions can disturb the binding between
sulfonamides and recognition sites of the adsorbent. Thus, 5.0 % w/v NaCl was
dissolved in the sample solution before sulfonamides were extracted with the developed

adsorbent.

Table 7 The extraction recoveries of sulfonamides using different amount of NaCl

Amount of NaCl Recovery (%) + SD
(Yow/v) sDz SMT SDM
0 41.443.7 42 .5+3.6 50.245.5
1 63.3£3.5 66.3£1.5 74.7£2.5
2 77.7+1.5 79.7+2.1 81.0+2.6
5 90.3+2.3 92.7+£2.5 96.0+2.6

10 77.7£1.5 78.3x1.5 81.7+1.5
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Fig. 3.8 Effect of ionic strength (NaCl) of sample solution on the extraction of

sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe304-SiOz-

NH2@MIP adsorbent

3.4.3 Effect of desorption solvent volume

The effect of desorption solvent volume was also evaluated. The mixture of

methanol and 2.0 % acetic acid was used at volumes of 1.0, 2.0, 4.0, and 6.0 mL.

A volume of 2.0 mL was enough to desorb all target sulfonamides from the

nanocomposite adsorbent (Table 8 and Fig. 3.9). Therefore, 2.0 mL of desorption

solvent was selected for further experiments.
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Table 8 The extraction recoveries of sulfonamides using different desorption volume

Recovery (%) £ SD

Desorption
volume (mL)

SMT SDM
62.7£2.5

SDZ
60.3£1.5

61.0+2.6

89.0+1.0 89.3+1.5

85.7+2.1

89.3+2.1 91.3+1.2

89.0£1.0

91.0+1.7 93.7£3.5

88.3£1.5
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Fig. 3.9 Effect of desorption solvent volume on the desorption of sulfonamides using
the hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH2@MIP adsorbent

3.4.4 Effect of desorption time

The desorption of sulfonamides from the nanocomposite adsorbent was

performed under ultrasonication. Therefore, sonication duration was optimized.

Desorption was evaluated at ultrasonication times of 10, 20, 30, and 40 min using 2.0

mL of a mixture of methanol and 2% acetic acid. The recovery increased with time and

reached a maximum at 30 min (Table 9 and Fig. 3.10), which implied that all adsorbed
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adsorbent. Thus, sonication was performed for 30 min to desorb the target sulfonamides

from the nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent.

sulfonamides were completely desorbed from the hierarchical nanocomposite
Table 9 The extraction recoveries of sulfonamides using different desorption time

+SD

Recovery (%)

Desorption time

SDM
41.0+2.6

SMT
40.3£2.5

SDZ

39.0+3.6

(min)

0
0
0
0

1
2
3
4

82.3+5.9

71.7+3.8
90.7

72.3£3.8

92.0+2.0

+2.1

88.7£1.5

90.3+1.5

91.3+2.1

90.0+2.6
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Fig. 3.10 Effect of sonication time on the desorption of sulfonamides using the
hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH2@MIP adsorbent
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3.4.5 Sample volume

The effect of the sample solution volume was investigated since it normally
influences the extraction efficiency of target analytes and the enrichment factor. Large
sample volumes produce high enrichment factors, however, too large a sample volume
can reduce the extraction efficiency of the adsorbent. In this work, the effects of sample
volumes ranging from 5 to 20 mL were evaluated. The recovery of sulfonamides
decreased when sample volume exceeded 15 mL (Table 10 and Fig. 3.11) since the
ratio of adsorbent to sample volume was too low. Considering the enrichment factor
and extraction recovery of sulfonamides, a sample volume of 15 mL was chosen for

further experiments.

Table 10 The extraction recoveries of sulfonamides using different sample volume

Recovery (%) £ SD

Sample volume (mL)

SDZ SMT SDM
5.0 86.7+1.5 88.7+1.5 89.3+0.6
10.0 86.3+1.5 87.0+1.0 87.7+0.6
15.0 85.6+3.0 89.3+0.6 88.0+1.7

20.0 68.7+1.5 68.7£1.5 67.7£3.1
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Fig. 3.11 Effect of sample volume on the extraction of sulfonamides using the
hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH.@MIP adsorbent

3.4.6 Effect of stirring rate of sample solution

The stirring rate of the sample solution typically affects the efficiency of d-

MSPE. In this work, the stirring rate of the sample solution was varied from 500 to

1500 rpm. The extraction recovery was higher at 750 rpm than at 500 rpm and was

lower at stirring rates above 750 rpm (Table 11 and Fig. 3.12). The reduced recovery

at the higher stirring rates may be due to reduced contact between the adsorbent and

target molecules. Moreover, higher stirring rates can damage adsorbents and affect

reusability. Thus, the stirring rate of 750 rpm was selected for the adsorption of target
sulfonamides with the nanocomposite ZnO@CF@Fez0s-SiO2-NH>@MIP adsorbent.
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Table 11 The extraction recoveries of sulfonamides using different stirring rate

Recovery (%) + SD

Stirring rate (rpm)

SDM
81.7+2.1

SMT

82.3+2.1

SDZ
81.3+1.5

500
750
1000
1250
1500

89.3£3.2 87.3+2.9

88.7+1.5

73.0+4.0

72.0+1.0
62.0

71.7+2.1

63.7

66.0+3.0

+3.6

3.2

50.3£2.1 57.0£2.0

56.1+0.8

SDM

%
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Fig. 3.12 Effect of stirring rate of sample solution on the adsorption of sulfonamides
using the hierarchical nanocomposite ZnO@CF@Fez0:-SiO>NH2@MIP adsorbent



3.4.7 Effect of sample pH

The effect of sample pH is an important factor in the extraction process since
the ionization and solubility of sulfonamides is affected by the pH of the sample
solution. The sample pH was varied from 4 to 8 and the results are shown in Table 12
and Fig. 3.13. Recoveries were low at pH 4 and was not significantly different from
pH 5 to pH 8. The low recovery at pH 4 may be due to the disruption of analyte-
adsorbent binding by hydrogen ions in the elevated acidic condition. However, in this
work, the pH of milk and water samples were between 5 and 8, and therefore sample

pH adjustment was not required.

Table 12 The extraction recoveries of sulfonamides using different sample pH

Recovery (%) £ SD

Sample pH
SDZ SMT SDM
4 63.3+3.5 64.0+3.6 65.7+1.2
5 86.0+1.0 87.7+0.6 88.3+1.2
6 86.3+1.5 87.3+1.5 89.0+1.0
7 86.7t£1.1 86.7t£2.1 88.7t1.5
8 84.7+1.1 85.3+1.5 88.0+2.0
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Fig. 3.13 Effect of sample pH on the extraction efficiency of sulfonamides using the

hierarchical nanocomposite ZnO@CF@Fe304-SiO.-NH.@MIP adsorbent

3.4.8 Effect of extraction time

Since the contact time between adsorbent and analytes is an important factor in

the d-MSPE, the effect of contact time between the sulfonamides and the

nanocomposite ZnO@CF@Fe304-SiO2>-NH,@MIP  adsorbent was investigated.

Contact time was varied from 10 to 60 min. The extraction recovery increased from 10

to 30 min and extraction recovery remained almost constant at longer extraction times

(Table 13 and Fig. 3.14). Thus, the extraction of sulfonamides with the developed

adsorbent was performed for 30 min.
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SDM
37.0+5.2
59.3+3.1
90.3%£3.2
90.7+2.1
86.7+2.1

SDM

SMT

SMT
34.3+5.8
89.7+2.5
91.0+4.6
86.0+2.0

Recovery (%) £ SD
58.7+2.3

BSDZ

SDZ
34.4+5.9
61.0+4.6
89.0£1.0
88.3+2.1
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Table 13 The extraction recoveries of sulfonamides using different extraction time
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Fig. 3.14 Effect of extraction time on the recovery of sulfonamides using the

hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent
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The optimization of the d-MSPE using the hierarchical nanocomposite
ZnO@CF@Fe304-SiO2-NH@MIP adsorbent for the determination of sulfonamides

are summarized in Table 14.

Table 14 The optimization of d-MSPE for the determination of sulfonamides

Parameters Investigated values Optimum condition
Type of adsorbent Fe304-SiO2-NH@NIP ZnO@CF@Fe30:-
ZnO@CF@Fe304-SiO2-NH2@NIP  SiO2-NH@MIP

Type of desorption solvent

Fe304-SiO2-NH@MIP
ZnO@CF@Fe304-SiO2-NH@MIP

Acetonitrile, methanol, ethyl acetate,

Methanol and 2% of

acetone, acetic acid

methanol and 1% of acetic acid

methanol and 2% of acetic acid

acetonitrile and 2% of acetic acid

ethyl acetate and 1% of acetic acid

ethyl acetate and 2% of acetic acid
Salt addition (%w/v) 0.0, 1.0, 2.0,5.0,10.0 5.0
Desorption volume (mL) 1,2,4,6 2
Desorption time (min) 10, 20, 30, 40 30
Sample volume (mL) 5,10, 15, 20 15
Stirring rate (rpm) 500, 750, 1000, 1250, 1500 750
Amount of adsorbent (mg) 25, 50, 100, 150 50
Sample pH No, 4,5,6,7,8 No effect
Extraction time (min) 10, 20, 30, 40, 60 30
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3.5 Analytical Performances

The analytical performances of the developed hierarchical nanocomposite
ZnO@CF@Fe304-SiO2-NH@MIP adsorbent coupled with HPLC-DAD were
evaluated including linearity, LOD, LOQ, enrichment factor (EF) and repeatability.
3.5.1 Linearity, limit of detection (LOD) and limit of quantification (LOQ)

For the quantitative analysis, the linearity of an analytical method is vital. It is
defined as the method's ability to produce results that are proportional to the
concentrations of the analytes in the sample. The linearity was investigated using
standard solutions of sulfadiazine, sulfamethazine and sulfadimethoxine in the
concentration ranged of 2.0 to 150 pg L™ ! (Each concentration was performed in
triplicate). The linearity was plotted between the peak area versus the concentration of
analytes and it is achieved the coefficient of determination (R?) is equal or greater than
0.99 which was shown in Table 15.

Limit of detection (LOD) is the lowest amount of analyte in a sample that can
be reliably detected and identified. LOD can be determined based on the signal-to-noise
ratio. It is calculated by comparing the signal from sample measurement with a known
low concentration of analyte and blank sample. Then, the minimum concentration is
established. Usually, a signal-to-noise ratio of 3:1 or S/N >3 is accepted (ICH, 1999).
The LOD of the developed method was 2.0 pug L as showed in Table 15.

Limit of quantitation (LOQ) can be defined as the lowest amount of analyte that
can be determined. The determination should be done quantitatively with acceptable
precision and accuracy. LOQ can be calculated based on signal-to-noise ratio. It is
calculated by comparing the signal of sample with very low and know concentration of
analyte with the blank samples. Then, it can be established which one analyte that is
reliable. The signal-to-noise ratio of 10:1 or S/N >10 is accepted (ICH, 1999). The LOQ
of the developed method was 5.0 pg L™ as showed in Table 15.
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Table 15 The analytical performances for the extraction and determination of
sulfonamides wusing the hierarchical nanocomposite ZnO@CF@Fe304-SiO»-
NH2@MIP adsorbent

Linear o LOD LOQ
Analytes Calibration curve R? . .
range (hgL™)  (ngL™)
SDz 2.0-150 y = 0.0440x-0.0006 0.9975 2.0 5.0
SMT 2.0-150 y = 0.0646x-0.0440 0.9996 2.0 5.0
SDM 2.0-150 y = 0.0867x-0.0721 0.9987 2.0 5.0

3.5.2 Enrichment factor (EF) and repeatability

Enrichment factors were calculated from the ratio of the concentration of each
sulfonamide after extraction to the initial concentration of the sample solution
(EF = Cwmspe/Co). The enrichment factor for sulfadiazine, sulfamethazine and
sulfadimethoxine were 12.6, 12.8 and 13.9, respectively. The evaluation of the
repeatability was based on intra-day and inter-day precision. The RSD of intra-day and
inter-day precisions were investigated within one day and six different days. These
results indicated outstanding repeatability of the developed approach. The results are
presented in Table 16.

Table 16 The enrichment factor (EF) and repeatability for the extraction and
determination  of  sulfonamides using the hierarchical nanocomposite
ZnO@CF@Fe304-SiO2-NH,@MIP adsorbent

Repeatability

Analytes Enrichment factor Intra-day (n=6) Inter-day (n=6)
(RSD %) (RSD %)
SDz 12.6 4.0 5.4
SMT 12.8 34 50

SDM 13.9 4.4 5.4
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3.5.3 Reusability

The reusability of the hierarchical nanocomposite ZnO@CF@Fe304-SiO,-
NH2@MIP adsorbent was investigated by repeated the extraction of sulfonamides in
milk. To eliminate any carry-over effect, the used adsorbent was cleaned before the
next extraction by washing with 2.0 mL methanol and DI water, respectively. The
developed adsorbent can be reused up to 5 times before the recovery of sulfonamides
falls below 80 % (Table 17 and Fig. 3.15). The decreasing of extraction recovery after
5 extraction cycles may be due to the loss of adsorption material during the washing
step and the possible adsorption through non-specific interaction of some interferences.
The developed composite ZnO@CF@Fe304-SiO-NH,@MIP adsorbent for the
extraction of sulfonamides in real samples can be effectively used for 5 adsorption-

desorption cycles.

Table 17 The extraction recoveries of sulfonamides using the hierarchical
nanocomposite ZnO@CF@Fe304-SiO2-NH.@MIP adsorbent

Extraction Recovery (%) £ SD
cycles sDz SMT SDM
1 86.3+1.5 89.7+0.6 89.0+1.0
2 86.3+1.5 89.7+3.8 90.7+3.8
3 86.7+3.1 88.0+2.6 89.3+2.5
4 88.015.6 89.0+3.0 89.045.6
5 86.0+2.0 86.0+1.7 85.3+2.1
6 76.3+2.5 74.0+£3.6 74.3£3.1
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Fig. 3.15 The reusability of the hierarchical nanocomposite ZNnO@CF@Fe3z04-SiO»-

NH2@MIP adsorbent for the extraction and determination of sulfonamides

3.5.4 Comparison with C18 sorbent

The extraction efficiency of the ZnO@CF@Fez0:-SiO2-NH@MIP adsorbent

toward the target sulfonamides was compared with the efficiency of a commercial C18

SPE sorbent. The developed adsorbent achieved recoveries from 91.6 to 96.0 % and the

(Fig. 3.16). The developed

adsorbent performs well and has excellent selectivity. It is also simple, convenient and

C18 adsorbent achieved recoveries from 85.7 to 88.0%

rapid to use. The developed adsorbent can be applied to determine sulfonamides in

complex samples.
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Fig. 3.16 Recoveries of sulfonamides using the hierarchical nanocomposite
ZnO@CF@Fe30:-SiO2-NH@MIP and a C18 adsorbent

3.5.5 Analysis of sulfonamides in milk and water samples

The developed hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP
adsorbent was applied to extract and determine sulfonamides in milk and aquaculture
water samples. Concentrations of sulfadiazine found in some samples lower than the
maximum residue limits (Table 18). The accuracy was also determined by spiking
standard sulfonamides in real samples at 10, 20 and 50 pg L. The accuracy was
evaluated in terms of relative recovery, which was calculated according to the following
equation:
Relative recovery (%) = (Ct-Cs)/Cspike *100, where Cr is the total sulfonamides in the
sample after spiking with the standard, Cs is the concentration of residual sulfonamides
in the sample, and Cspike IS the concentration of sulfonamides spiked in the sample. The
relative recoveries from the milk samples ranged from 84.3 to 96.2 % and water
samples from 85.4 to 96.0 %. The RSDs ranged from 2.4 to 6.2%. The HPLC
chromatograms for a milk sample, standard sulfonamides, and a spiked milk sample

are shown in Fig. 3.17.
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Table 18 The determination of sulfonamides in milk and water samples using the
hierarchical nanocomposite ZnO@CF@Fe304-SiO-NH.@MIP adsorbent coupled

with HPLC-DAD

SDz SMT SDM
Added
Sample 1
(ng kg™) F RR  RSD F RR RSD F RR  RSD
(mgL?h (%) (%)  (ugL?) (%) (%)  (ugL?) (%) (%)
0.00 - - - - - - - - -
" 10.0 8.43 843 59 8.55 85.5 5.1 9.26 926 5.3
Milk 1
20.0 18.12 910 48 17.21 86.0 4.8 1890 945 51
50.0 4690 938 29 42.89 85.8 39 4810 962 29
0.00 - - - - - - - - -
" 10.0 8.44 84.4 48 9.30 93.0 5.9 9.01 90.1 4.0
Milk 2
20.0 1839 919 3.9 17.42 87.1 4.6 18.45 923 38
50.0 4520 904 24 43.98 88.0 3.0 46.10  92.2 1.8
0.00 2.50 - 5.0 - - - - - -
10.0 11.89 939 438 9.03 90.3 5.6 8.67 86.7 5.0
Milk 3
20.0 21.09 930 45 18.90 94.5 4.8 17.90 895 43
50.0 4980 946 4.0 46.09 92.2 4.6 4598 920 26
0.00 2.05 - 4.0 - - - - - -
10.0 11.05 90.0 3.8 8.67 86.7 4.0 8.90 89.0 4.2
Water 1
20.0 20.10 902 35 17.87 89.4 3.7 18.08 904 26
50.0 5005 960 35 46.80 93.6 3.8 47.0 940 3.0
0.00 - - - - - - - - -
10.0 8.69 869 6.0 8.65 86.5 5.9 8.90 89.0 6.2
Water 2
20.0 1821 911 438 19.03 95.1 4.5 17.43 871 3.9
50.0 4590 918 3.0 45.89 91.8 4.0 4500 900 4.0
0.00 - - - - - - - - -
10.0 8.78 87.8 5.8 8.56 85.6 4.6 8.68 86.8 5.6
Water 3
20.0 17.89 894 48 17.08 85.4 4.2 18.08 904 38
50.0 4560 912 45 45.89 91.8 4.3 4705 941 36
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3.5.6 Comparison with other works

The analytical performances of the developed method were compared with
those of other methods previously reported for the extraction and determination of
sulfonamides. The comparison is summarized in Table 19. The developed method
provided comparable or better extraction recoveries than other methods. The LOD of
the developed method is also comparable with other methods. In addition, the
developed nanocomposite adsorbent is highly specific for sulfonamides which enables
its application in a variety of matrix samples. Thus, the developed hierarchical
nanocomposite ZnO@CF@Fez04-SiO2-NH@MIP  adsorbent presents a highly
effective and selective alternative method of extracting sulfonamides, which is also

simple, rapid and convenient to perform.



Table 19 The analytical method for the determination of sulfonamides in various samples
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Sample Elution LOD
Extraction method Method Extractant Sample P volume 1 Recovery (%) References
amount (mL) (Mg LY
MSPE HPLC-DAD  Fes04~GOx Water 1mL 1 0.05-0.10 67.4-119.9  (P. Shi & Ye, 2014)
MSPE HPLC-UV CoFe,04-graphene Milk 1.5mL 0.5 1.16-1.59 62.0-104.3 (Y. Lietal, 2015)
MSPE HPLC-UV MIP-pGMA@A-MNPs Feed 79 2 16 89.3-107.0  (Feng et al., 2016)
SLE HPLC-DAD MeOH and ACN Shrimp 1lg 0.5 8.4-10.9 81.6-116.8  (Charitonos et al., 2017)
SPE HPLC-DAD  Sol-gel/MIP Milk 1g 2 1.9-13.3 85.8-109.2  (Kechagia et al., 2018)
SPE HPLC-UV MIP Soil 10 mL 1 1.0 95.0-105.0  (Zhuetal., 2019)
SPE HPLC-DAD VTTS-MGO@mSIiO,/MIP  Water 50 mL 2 0.010-0.014 87.4-102.3  (Fanetal., 2020)
d-MSPE HPLC-UV YS-Fe;0,@GC Milk 25 mL 1.8 0.11-0.25 77.2-118.0  (Liuetal., 2020)
MSPE-i- DLLME HPLC-DAD MCNs Food stuffs 100 mL 1 0.01-5 70.0-90.0 (Yazdanfar et al., 2021)
ZnO@CF@Fe304-SiO,- Milk and )
MSPE HPLC-DAD 15mL 2 2.0 84.3-96.2  This work
NH.@MIP water

MSPE = magnetic solid phase extraction, SLE = solid liquid extraction, SPE = solid phase extraction, d-MSPE = dispersive

magnetic solid phase extraction, DLLME = liquid liquid micro-extraction: DAD = diode array detection, UV = ultra-violet

detection, Fe30s-GOx = Fe30s—graphene oxide, CoFe;Os-graphene = graphene-based magnetic nanocomposite, MIP =

molecularly imprinted polymer, pGMA =poly(glycidyl methacrylate), A-MNPs = amino-functionalized magnetic nanoparticles,

MGO@mSIiO2 = magnetic graphene oxide, VTTS-MGO@mSiO. = magnetic graphene oxide modified with vinyl groups, LPME

= liquid phase microextraction, YS-Fes04@GC = yolk-shell FesOs@graphitic carbon, MCNs = magnetic carbon nanocomposite
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3.5.7 Adsorption kinetics

Pseudo-first order (PFO) and pseudo-second order (PSO) models were used to
investigate the adsorption kinetics between the developed hierarchical nanocomposite
ZnO@CF@Fe304-SiO2-NH.@MIP adsorbent and the target sulfonamides. The PFO
model describes the adsorption of sulfonamides onto the nanocomposite adsorbent

according to the following equation:
_ k1
log(q,-q) =log q, — = ~t

By plotting log (ge — qt) versus t, the first-order rate constant ki and the equilibrium
capacity (ge) can be estimated from the slope and intercept, respectively.

The PSO model is based on the amount of sulfonamides on the nanocomposite
adsorbent according to following equation:

t 1 1
i > —I— _l‘
qdte (k2 qe*) de

where q: (mg g?) is the amount of adsorbed analyte at a given time and ge (mg g%) is
the equilibrium adsorption capacity. By plotting t/qt versus t, the second-order rate
constant (k2) and the equilibrium capacity (qe) are obtained from the intercept and slope,
respectively.

It can be seen that the coefficient of determination (R?>0.999) of fitting with the
PSO model are better than the R? values of fitting with the PFO model (Table 20).

These results confirmed that the adsorption Kinetics are governed by chemisorption.



47

Table 20 The linear regression of the pseudo-first order and pseudo-second order
models for the adsorption of three target sulfonamides using the hierarchical
nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent

Coefficient of determination (R?)

Analyte
Pseudo-first order Pseudo-second order
SDZ 0.0393 0.9999
SMT 0.0100 0.9991
SDM 0.0079 0.9992

4. Concluding remark

A novel hierarchical nanocomposite adsorbent was successfully designed and
fabricated using zinc oxide, carbon foam, silica-coated magnetite nanoparticles, and
molecularly imprinted polymer. The fabricated adsorbent was used for the extraction
and determination of sulfonamides. The nanocomposite of zinc oxide and carbon foam
exhibited a high adsorption ability, the molecularly imprinted polymer was highly
specific toward the target molecules, and the magnetite nanoparticles enabled simple
isolation of the adsorbent. The developed method achieved good recoveries
(84.3-96.2%) of sulfonamides and exhibited good selectivity and repeatability. The
nanocomposite adsorbent is simple to fabricate, convenient to use, rapid, and its
stability allows reuse. The developed approach can be modified and applied to extract

and determine other compounds in various sample matrices.
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ARTICLE INFO ABSTRACT

Keywards: A hierarchical compaosite adsorbent i da P of zinc oxide and carbon foam embedded in a

Sulfonamides 8! lecularly img d polymer (ZnO@CF@Fes04-Si0-NH2@MIP). The adsorbent was used to extract,

Carbon foam P and d ine sulf des. The fab d adsarbent was chamla-imd, the fabrication and

m:y imprinted palymer d were gated and the d sulf ides were d: d using high performance

ic liquid chromatography. The zine oxide carbon foam helped to impr the ad of sul-

Zinc oxides fonamides. The MIP provided highly specific recognition mvlues for three sulfonamides and the magnetic ma-
terial enabled the simple and rapid of the adsorbent after adsorp and di Under og
conditions, the developed strategy pmvlded a good llneatily from 2.0 10 150.0 pg L with R’ better than 0.995.
The LOD and LOQ were 2.0 and 5.0 pg L, resp ly. The developed strategy d d sulfo ides in milk
and water with extraction recoveries between 84.3 aod 96.2% and RSDs lower than 7%. Concentrations of
sulfadiazine were found in some milk and water samples at 2.50 and 2.05 pg L', respectively. The advantages of
the developed nanocomposite adsorbent are high specificity and extraction efficiency, simplicity and conve-
nience, and good stability that enables reuse.

1. Introduction of sulfonamides in foods and water is an important ptecaunon

Sulfonamides make up a group of medicines normally used as vet-
erinary antibiotics to prevent infectious bacterial diseases and to support
fish farming and animal husbandry [1]. An inevitable consequence of
the wide use of these icsisthe p of residual sulfc id
in animal products and the environment. The adverse effects of sulfon-
amides on humans can cause allergic reactions and damage to lhe uri-
nary system. Owing to the excessive usage of sulfo ides, the

Sulfonamides can be determined by ch tec
[8.9,101, fluorescence spectroscopy [11], UV—Vnsspectroscopy [1: 7]and
electrochemical [13.14]. Among these methods, high performance
liquid chromatography (HPLC) is widely used. Since HPLC uses an
analytical column which separates analytes before quantification, it is a
highly selective method [15]. However, residual sulfonamides in food
and environment are usually at trace levels which cannot be directly
d ined by instr al Iysis and must therefore be extracted

in the food chain is becoming an increasingly serious problem [2]. The
European Union has established the maximum residue limit (MRL) of
0.10 mg kg~ in animal-derived foods [3]. Water is also a very important
constituent of ecosystem and its quahty have to preserve and improve.

Various organic and inorganic water poll have been reported such
as pesticides [ 4.5, endocrine disruptor compounds [ ], heavy metal and
antibiotics [7]. Among the contaminant substances, sulfonamide anu-
biotics are also harmful effects on | Therefore, the d ination

- Cormpmdlng author.
E-mail address: opas b psweac.th (0. Bunkoed).

https://dolorg/10.1016/). microc.2022.107443

and enriched beforehand. The extraction of sulfonamides can be ach-
ieved by solid phase extraction (SPE) [16,17], liquid-liquid micro-
extraction (LLME) [12], deep eutectic solvents (DESs) [18] and
magnetic solid-phase extraction (MSPE) [9]. MSPE is a simple procedure
[19] which avmds the problems of conventional SPE, which is usually
time- g and requires complicated manifold systems.

The enracnon efficiency of target analytes are normally depends on
the effectiveness of the adsorptive material [20]. Several adsorptive

Received 26 February 2022. Rece:ved in revised form 16 March 2022; Accepted 28 March 2022

Available online 1 April 2022
0026-265X/2 2022 Elsevier B.V. All rights reserved.
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Fig. 1. The preparation procedure of the propesed hierarchical nanocomposite Zn0@CFGFea04-5i0-NH8MIP adsorbent for the extraction of sulfonamides.

materials have been wsed for the adsorption of organic compounds
especially nanomaterials 21,22 23] due to i3 large surfsce areas which
can enhance the adsarption ability |24 25]. Various materials have been
wtilized 1o extract sulfonamides. These materials have included carbon
nmanobhies | 26], polypyrrole (9], eovalent organic frameworks |27 28],
polylethylene glyeol) diacrylate [16], malybd disulfide I

[29] and graphitic carbon "L:1| An interesting material for the extrac-
tion af sulf ides in bes is molecularly imprinted
podymer (MIF). MIPs are h-lghly speu:lﬁ: 1o target analyies and can
reduce the co-adsorption of interfierences in real samples. In sddition,
MIPs are easily symhesized and chemically stable. The selectivity of
MIPs has been found useful in sensing probes [31], electrode modifi-
cation for chemical sersors and adsacbents [32].

MIPs can be integrated with other materials 1o produce a composite
adsorplive material with improved affinity for the target analytes. This
is an allractive strategy for this work. Zine oxide (Zn0) has been re-
pocted 1o effectively extract targel compounds. However, it has poor
dispersibility and readily aggregates [ 23], Zn0 incorporated with car-
bon foam (CF) is a more interesting material that has shown exciting
potential for the extraction of target compounds due o it has a specific
pore structure, 4 highly geometric surfsce area and good thermal sta-
bility. This composite material can adsorb subfonamides via hydropho-
bie amed 22 interasctions and hydrogen bonding. The specificity of an MIP
adsorbent can be improved by incorporating Zn(ECE

hmumtammm:mdmdtﬁimmmﬂm]mah]&
archical nanocomposite embedded with a Zn0@CF was fabricated

(Enih@ CF@Fese5i02-NH2@MIP). It was developed for the ficst lime
for the extraction and enrichment of sulfonamides in milk and water
samples. The developed hierarchical nanocompesite adsorbent wis
characterized and the fabrication strategy and extraction condition were
opltimized. The developed adsorbent was applied in the dispersive
magnetic solid phase extraction (d-MSPE) of sulfonamides in milk and
water 1o be determined by HPLC. The efficiency af the developed
adsorbent wis abo compared with a commercial sorbent for the
extraction of three sulfonamides, sulfamethazine (SMT), sulfadiazine
(5DE), and sulfadimethoxine (SDM).

3. Experimental
2.1, Chemical and reagents

Suerose wik oblained from Ajax Finechem (Australia). Zine nitrate
hexahydrate was from KEMAUS (Australia). Sulfamethazine (SMT),
sulfadiazine (SDZ), sulfadimethoxine (SDM), ethylene glyeol dinmetha-
erylate (EGDMA), methaerylic acid (MAA), and 3-aminopropylirietho-
yailane (APTES) were from Tokyoe Chemical Industry Coo Lid (Tokyo,

Jagsan). Iroa (11} chloride and ivon (10 chloride were from Sigma Aldrch
(Steinheim, Germany ). Alpha-aeoisobutyronitrile (AIBN) was from BDH
Chemicaks (Lutterworth, UK). Acetone, scetonilrile, ethanol, seetic acid,
and methanol were from RCI Labscan (Banghok, Thailand).

22 Ingrumentmtion

The HPLC analysis mspﬂ-ﬁmmadmmdmn:mﬁdemnums&
ries HPLC system (Agilent Technalogi ) equipped with a C18
(4.6 = 150 mm LD, 5.0 pm) ana]}-u.ul :nlmnn for the separation of
targel sulfonamides. The mobile phase was 002 % (v/v) acetic seid (A)
and acetonitrile (B) at a flow rate of 1.0 mL min~" with gradient elution
as follows: 22-35% B, 0-5 min, 35-45% B; 5-B min, 45-35% B; B-10
min and 35-22% B; 10-12 min. The injection volume was 20 pL and the
targel sulfonamides wers detected with a diode arcay detector (DAD) an
270 nm. The morphology was examined by scanning electron micro-
scope (SEM), (Apreo FEI, Netherlands). The infrared specira of the
adsorbent and related materials were recorded by Fourfer transform
infrared spectrometer (Briker, Germany). The erystalline phases of the
adsorbent were determined by X-ray diffrsctometer (XRD) (Empreyian,
PAN analytical, the Netherlands). Magnetic properties were determined
with wib g sample mag (VEM) calibrated with & 3 mm
dizmeter Ni sphere (Lakeshore 730008, USA). The surface aress were
determined by a BET surface area analyzer (Model ASAP 2060 Micro-
meristic, USA),

23, Bynthesis af Fey0-5605NH; nanoparticles

First, Feqly was synthesized via a co-precipitation method in
accordance with a previous report [54). Briefly, 9.40 g FeCh-6H20 and
3.40 g FeCly-4Hy0 were dissalved in 150 mL of dejonized (D) water and
transferred into & three-secked fask (250 mL). The solution was stirred
under nitrogen at B0 °C for 10 min and 20 mL of ammonium hydroxide
were added dropwise and stiring pe dedl H Iy for 1 b, at
H]ﬁﬂl.ﬁwl?&gﬂ.mﬂldﬂmﬂhmd The nanoparticles were

d with a hed with DI water and dried at 70°C for 5

h.

The Feyly-5i0:-NHz nanoparticles were prepared by dispersing 0.50
g of the FeqDy nanoparticlss in & 90 mL mixture solution of ethanol and
DI water (1:1 /%) under ultrasonication for 30 min. Then, 0.70 mL of
APTES was added and adjusted 1o pH 4 with 1.0 M acetic acid. The re
aummpﬂ-‘m—madﬁwshundasluﬂngajm S The synthesized
Fegl-8i0y-NH; [ hed with DI waster and dried at
B0 °C for 8 he
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Fig. 2. SEM images of the hierarchical nanocompasite ZnO@CF @ Fes 04-SiOz NH@MIP (A) and ZnO@CF§Fes04-Si02-NHa@NIP (B VSM curves (C) of (2) Fes04
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and the isolation of the adsorb

graph of the dispersed

analysis (F).

2.4. Synthesis of zinc axide incorporated carbon foam (ZnOGCF)

The ZnOECF composite was prepared according 10 a previous report
[35]. 3.0 g of sucrose and 1.50 g of Zn(NO3)2-6H20 were combined in a
beaker and heated to 110 “C. As the temperature increased, the mixture
started to melt and was stirred with a glass rod and started to turn yel-
low, expand and foam. After further heating for 10 min, the foam turned
black and the ZnO@CF composite was obtained. The synthesized
ZnOECF was stored in a desiccator until used.

(D): TGA analysis curve (E) and XRD

2.5. Synthesis of hierarchical nanocomposite magnetic molecularly
imprinted polymer

The hierarchical nanocomposite ZnO@CF@Fes0e-SiO2-NHzMIP
adsorbent was synth d in the following procedure. First, 15.0 mg of
SDZ, 17.0 mg of SMT and 19.0 mg of SDM were dissolved in 60 mL of
acetonitrile. Then 90 uL of MAA were added to the sulfonamides solu-
tion and stirred for 12 h at 28 & 1 °C. Subsequently, 100 mg of Fes0,-
$i0,-NH; and 50 mg of ZnOG@CF were added and stirred for 1 h. Then,
3.77 ml of EGDMA and 75.0 mg of AIBN were added into the solution.
The polymerization was performed under N, at 60 °C for 24 h. The
produced nanocomposite particle adsorbent was separated with a
magnet and washed under stirring for 20 min with a mixture of acetic
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acid and methanal (2:8 v/v) to remove template. Finally, the fabricated
2@ CFR@EFe0,-8105-NH; @MIP adsorbent was washed with 20 mL of
Dl water and dried at B0 “C for 8 h. A non-imprinted polymer
(ZnO@ECEE Fea0s-5i0:-NH2@ NIF) was also prepared under the same
conditions but without the addition of the sulfonamide templates. Fig. |
ilustrated the fabrication procedure of the hierarchical nanocomposite
2@ CR@EFe0,-S105-NH@MIP adsorbent for the extracton of sul-
fonamides. Chemical structure of targer sulfonamides are given in sup-
porting information (Fig. $§1).

2.6, Dispersive magnerc solid phase extraction (d-MSPE)

The d-MSPE extraction of sulfonamides using the fabricated adsor-
bent proceeded as follows: 50 mg of the adsorbent were dispersed in
15.0 mL of sample solution and stirred at 750 rpm for 30 min. After the
adsorption of sulfonamides was completed, the adsorbent was separated
using a magnet. The adsorbent particles were placed in 2.0 mL of a
desarption solution of methanol and 1.0 M acetic ackd (B0:20 % v,/v) and
the adsorbed analytes were desorbed under sonication for 30 min. The
adsorbent nanoparticles were separated with the magnet and the
desorption solntlon was evaporated at 50 °C. Finally, the residue was
dissolved in 1.0 mL of mobile phase, a mixture of 0.02% acetic acid and
acetonitrile (78:22, v/v) and 20 pL was injected into the HPLC system.

3. Resulis and discussion
3.1. Characterizanion of nanocomposite adsorbent and relared materials

The functional groups of ZnO@CF, Fes0g-5i05-NH; and the
Zn0vi CR@Fes(hy-S102-NH2@MIP adsorbent were evaluated using FT-IR
analysis. The FT-IR spectrum of Zn@CF (Fig. 5Za), shows a peak at
758 em~" from the Zn-0 stretching vibration and a peak at 2052 cm !
corresponding to the C-H bond vibraton of carbon foam. These peaks
confirm that ZnO@CF was successfully synthesized. The FT-1R spectrum
of Feq04-810,-MH; (Fig. 52b) presents an adsorption peak at 588 cm ™!
due o the stretching of Fe-0, a peak at 1094 cm ' from the stretching
vibration of the $i—0—S8i bond, and a peak at 3394 cm ™" corresponding
to the stretching of the O—H bond. These characteristic peaks confirmed
that the magnetle Fes(y-8i0z2-NHz nanoparticles were successfully
synthesized. In the FT-IR spectrum of the nanocomposite ZnO@CEE-
Fes(y-5i0-NHz@MIP adsorbent (Fig. 52e), the absorption peaks at
3434 em " and 1390 cm ' are atwributed to the C=N stretching vibea-
tion, indicating that the MIP was successfully formed. The characteristic
peaks present in the spectra of ZnO@CF and Fes04-8i02-NHz are also
present in the FT-IR spectrum of the ZnO@CF@ FegOg-Si0:-NH@MIP
adsorbent. The strong peak about 1600 cm ™~ and broad peak between
3200 and 3600 em ™ may be also due to the adsorption of water
malecule during the measurement.

The SEM images of the ZnO@CF@Fey0y-5i05-NH@MIP and
Zn0@ CR@Fes04-5102-NH2@NIP adsorbents in Fig. 24 and Fig. 28 show
that the ZnOQ@CF@Fe 0y-SI0-NH@MIP adsorbent has a rougher
surface than the NIF adsorbent. The difference in the surface hol-
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FOOm tempesature.

The XRD patterns of Fez0y4-S10;-NH; and the Zn0@ CFRE Feql-Si05-
NHz@ MIP adsorbent both present diffeaction peaks at 20 angles of 307,
36°, 547, 637 and 74° corresponding to (2200, (311),(422), (440), and
(533) planes, respectively (Fiz. 2F). These results are characteristic of
crystalline cubie structures of Feals nanoparticles [56) and demaon-
steated  FesOy-5i05-NH; with the MIP did not change thelr
characteristics.

3.2, Opdmizaton of d-MSPE with the nonocomposite adsorbent

To obtain a high extraction efficlency with low solvent consumption
and rapid analysis time, the influences of parameters affecting d-MSPE
with the Zn0@CFFey0,-510-NH@MIP adsorbent were investigated.
The parameters included the adsorbent dose, the extraction time, the
desorption condition, the sample volume, the strring rate during
adsorption, the sample solution londe strength and sample solution pH.
The evalnation of extraction efficlency was based on extraction recowv-
ery, which was determined according to the equation, Extraction re-
covery (%) = (Cg"Vg AT, W) = 100, where Cg i sulfonamides in the
reconstimted solution, Cy, is sulfonamides in a spiked water sample, and
V5 and V', are the volumes of the reconstinuted solution and the spiked
water sample, respectively.

3.21. Adsorbent dose

The amount, or dose, of an adsorbent is an important parameter that
afferts the adsorption of target analytes. The dose of the nanocomposite
2@ CF@E Feg0y-510:-NH @ MIP adsorbent was varied at 25, 50, 100,
and 150 mg. The extraction recovery increased from 25 mg to 50 mg and
remained constant at the higher doses (Fig. 53). Therefore, 50 mg of the
proposed adsorbent was sufficient for effective recovery and was nsed
for the extraction of sulfonamides.

3.22 Extraction time

Since the contact tme berween adsorbent and analytes is an
important factor in the d-MSPE of analytes, the effect of conract dme
berween the sulfonamides and the nanocomposite ZnOG@E@CF@FeqO,-
Si0xNH@MIP adsorbent was investigated. Contact time was varied
from 10 to &0 min. The extraction recovery increased from 10 to 30 min
and extracton recovery remained constant at longer exiraction times
(Fig. 54). Thus, the extraction of sulfonamides with the proposed
adsorbent was performed for 30 min.

323 Efecr of nype of desorpeion sobvenr

Desorption of the three marger sulfonamides from the nanocomposite
adsorbent was performed with acetonitrile, ethyl acetate, acetone,
methanol and a mixture of methanol and acetic acid. The mixture of
methanol and 2.0 % acetie arid provided the best recovery (Fig. 55). The
acidic conditlon can break hydrogen bonding and, therefore, may enable
more complete desorption of sulfonamides from the nanocomposite
adsorbent. At the same time, methanol can disrupt hydrophobic and =-x

ogies 15 due to the formation of recognition sites on the MIP adsorbent.

The magnetic propertles of FegOy and ZnO@CF@EFeg0y-5i05-
NHy@MIP adsorbent were measured using the VSM technigue. The
saturation magnetizations of FeaO4 nanoparticles and ZnO@CR@FesOs-
SI0,-NH,@MIP particles were 46,68 emu g ' and 569 emu g !,
respectively (Fig. 2C) Althongh the magnetic properties of the
Znia CF@Fes0y-S102-NH2@MIP particles was lower than the satura-
tion magnetization of the Fes(y nanoparticles, the nanocomposite
Zn0@CFEFe04-S102-NH2@MIP  adsorbent could nevertheless be
easily isolated from the sample (Fig. 2D).

The thermal stability of the ZnO@CF@Fe;04-Si0-NH@MIP
adsorbent was determined by TGA analysis. The adsorbent exhibited
good stability in the range of 25-200 °C (Flg. 2E). The thermal stability
of the nanocomposite is therefore more than adequate for d-MSPE at

i tions. Th 2, methanol containing 2.0 % (v/v) acetic acid was
the most effective desorption solvent investigated in this smdy.

3.2.4. Efect of desarpiion solvent volume

The effect of desorption solvent volume was also evaluated. The
mixture of methanol and 2.0 % acetle acld was used at volumes of 1.0,
2.0, 4.0, and 6.0 mL. A volume of 2.0 mL was enosugh to desorb all three
target sulfonamides from the nanocomposite adsorbemt (Fig. Se)
Therefore, 2.0 mL of desorption solvent was selected to desorb
sulfonamides.

325 Effecr of desarprion time

The desorption of sulfonamides from the nanocomposite adsorbent
was performed under ultrasonication. Therefore, sonication duration
was optimized. Desorption was evaluated at ultrasonication times of 10,
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Fig. 3. Effidency of different adsorbents for the extradion of sulfonamides.

20, 30, and 40 min using 2.0 mL of & mixiure of methanol and 2% acetic
acid. The recovery increased with dme and reached a maximum ar 30
min (Fig. 57), which impled that all adsorbed sulfonamides were
completely desorbed from the hierarchical nanocomposite adsorbent.
Thus, sonication was performed for 30 min to desorb the target sul-
fonamides from the nanocomposite ZnOE@CE@ Feg0g-Si05-NHa@MIP
adsorbent.

326 Sample volume

The effect of the sample solution volume was investigated since it
normally influences the extraction efficlency of analytes and the
enrichment factor. Large sample volumes produce high enrichment
factors, however, oo large a sample volume can reduce the extraction
efficlency of the adsorbent. In this work, the effects of sample volumes
ranging from 5 to 20 mL were evalnated. The recovery of sulfonamides
decreased when sample volume exceeded 15 mL (Fig. 58) since the ratio
of adsorbent to sample volume was too low. Considering the enrichment
factor and extraction recovery of sulfonamides, a sample volume of 15
mL was chosen.

327 Effect of srirring rate

The stirring rate of the sample soluton rypically affects the efficlency
of d-MSPE. In this work, the stirring rate of the sample solution was
vared from 500 to 1500 rpm. The extraction recovery was higher at 750
rpm than at 500 rpm and was lower at stirring rates above 750 rpm
(Fig. 59). The reduced recovery at the higher stirring rates may be due to
reduced contact between the adsorbent and target molecules. Moreover,
higher stirring rates can damage adsorbents and affect rensability. Thus,
the stirring rate of 750 rpm was selected for the adsorption of target
sulfonamides with the nanocomposite ZnO@CFE Feas-Si0x-NHz@MIP
adsorbent.

328 Effecr of ionic srrength of sample solurion

The ionic strength of the agueous sample solution can affect the
adsorption of sulfonamides by reducing solubdlity. In this work, the ef-
fect of lonic strength was investigated by adding different concentra-
tions of Matl to the sample solution. The NaCl concentrations were 0.0,
1.0, 2.0, 5.0 and 10.0 % w,/v. Extraction recoveries increased with in-
crements of NaCl up to 5.0 % w/v and decreased at 10,0 % w/v
(Fig. 510) sinre sodium and chloride ions can disturb the binding be-
tween sulfonamides and recognition sites of the adsorbent. Thus, 5.0 %
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w/w MaCl was dissolved in the sample solution before sulfonamides were
extracted with the proposed adsorbent.

3.2.9. Effecr of sample pH

The effect of sample pH is an important consideration in the
extraction process since the ionlzation and solubility of sulfonamides is
affected by the pH of the sample solution. The sample pH was varled
from 4 to 8 (Fig. 511). Recovery was lowest at pH 4 and was not
slgnificantly different from pH 5 to pH 8. The low recovery at pH 4 may
be due to the disruption of analyte-adsorbent binding by hydrogen lons
in the elevated acidic condition. Howewer, in this work, the pH of milk
and water samples was between 5 and 8, and therefore sample pH
adjusiment was not required.

3.3 Type of adsorbent

We compared the extraction efficlency of different types of molec-
ularly non-imprinted and molecularly imprinted polymer magnetic
nanocompasite adsorbent. The smdied types included FegO,-S105-
NHz@NIP, ZnOy@CF@EFeq0y-Si0-NHa@NIP, Feg0,-S10,-NH;@MIP,
and ZnO@CFE Fe(a-Si0:-NH2@MIP adsorbents (Fiz. 3). The NIP ad-
zorbents achieved lower extractlon recoveries than the MIP adsorbents
since, unlike the MIP adsorbents, they did not have specific recognition
sites for sulfonamides. The FeaQs-5i02-NHz@NIP adsorbent can adsorb
target sulfonamides only via hydrogen bonding between functionalized
NH; group on the surface of adsorbent and target sulfonamides. The
2O CFE FesOu-S102-NH@MIP achieved higher recoveries than the
Fey0y-810,-NH; @MIP. The incorporated ZnO@CF nanocomposite
improved the exiraction efficiency of the adsorbent toward the target
sulfonamides, and therefore the nanocomposite Znia CF@E Fes0y-S10-
MH @ MIF adsorbent was the most sultable of the present materials for
the extraction of sulfonamides.

3.4. Comparizon with C18 sorbent

The exiraction efficiency of the Zni@CFEFe04-5105-NHz@MIP
adsorbent toward the target sulfonamides was compared with the effi-
clency of & commercial C18 sorbent. The proposed adsorbent achieved
recoveries from 916 fo 96.0 % and the C18 adsorbent achieved re-
coverles from 85.7 to &8.0% (Fig. 512). However, the developed
adsorbent (50 mg) requires less amount of adsorbent than commercial
C18 sorbent (500 mg). In addition, the extraction procedure of the
developed magnetic adsorbent is easier, faster and can be reused which
redures analysis cost. The developed adsorbent performs well and has
excellent selectivity. The developed adsorbent can be applied ro detes-
mine sul ddes in complex 1l

3.5, Adsorpiion kinercs

Pseudo-first-order (PFO) and pseudo-second-order (P507 models
were applled to evaluate the adsorption kinetics between the developed
hierarchical nanocomposite ZnO@CF@ Fey0-510-NH@MIP  adsor-
bent and the target sulfonamides. The PFO model describes the
adsorption of sulfonamides onto the nanocomposite adsorbent accord-
ing to the following equation:
logla, — &) = b, — — 3ot

By plotting log (qe — qi) versus €, ky and q. can be estimated from the
slope and intercept, respectively.

The P50 model is based on the amount of sulfonamides on the
nanocompasite adsorbent according to following equation:

11,
lhea)

£
&
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The analytical performances for the extraction and determination of sulforamides using the hierarchicsl nanocompasite 2ol CF§Fe, 0 -Si0y-NH, @MIP adsorbent

and high performance liquid chromatography.

Analytes  Linear range  Callbration curve R? LoD (pg L") LOG(eg L") Enrichmend factor  Repeaiabilin
Intra-day (n = &) (RS0 %) Inter-day (n = &) (RSO %)
S0z 10-150 Y = U0 400, D00 055975 0 50 126 4.0 54
SMT 20-150 Yy = DUOGAEX-0h D440 09996 0 50 12.8 34 50
S50M 20-150 ¥ = DUOBETx-L0T21 .57 m 540 139 4.4 54
Table 2

Three sulfonamides in milk and water samples were extracted using the hisrarchical anocomposite Zo0@CF @ Feq Oy -Si0-NH; @MIP adsorbent and determined with

high performance liquid chromatography.

Sample ‘ SDE SMT SOM
el Fleg L) RE (%) RSD Fipg L™y ER R=D F ER RSD
(%) (¥h (%) (L") (%ah (%)
Milk 1 Lot - - - - - - - - -
100 8243 843 54 255 BES 5.1 .38 526 5.3
ma 1812 900 4.4 17n Ba0 48 18.90 945 5.1
S0 480 EER:S 24 42489 BSE 1.9 4810 % 28
Milk 2 Lot - - - - - - - - -
100 244 844 4.4 230 S0 59 01 5.1 a0
ma 1839 a8 39 17.42 B7.1 a6 1845 523 18
i 4530 0.4 24 43498 BRI 10 26.10 522 18
Milk 3 uoa 250 - 50 - - - - - -
100 1149 a5 4.4 a0 50.3 5B B.ET 867 5.0
T 205 a3 45 FET] 545 48 17.50 BAL5 a3
i #9180 T 4.0 ET 523 ae 45.58 s2.0 28
Waiter 1 uoa 208 - 4.0 - - - - - -
100 145 0.0 8 267 BAT a0 B.50 B az
i 20,10 0.2 5 1767 B4 a7 15.089 50.4 6
i 5005 E 35 80 5316 18 470 4.0 1.0
Waiter 2 [sLci) - - - - - - - - -
100 265 855 Bl 265 BAS 59 B.50 B0 6.2
ma FER Q1.1 4.4 19.03 951 a5 17.43 B7.1 1.9
S0 4580 a8 0 4589 518 a0 45.00 S0 a0
Waiter 3 [sLci) - - - - - - - - -
100 a7E - 54 256 B5E ae B8 BhE 5.6
ma 17.49 9.4 4.4 17.08 854 4z 18.08 90.4 18
S0 4560 a2 45 4589 518 a3 4705 54,1 16
where q, (mg ") is the amount of adsorbed analyte at a given time and
Q: (mg g']} is the equilibrium adsorption capacity. By plotting t/qt n <D
versus t, ky and q. are acheived from the intercept and slope, v )
respectively. 0 ¢ BT
It can be seen that the coefficlent of determination (R? = 0.999) of ~
fitting with the PSO model are better than the R values of fitting with :
the PFO model (Table $1). These results confirmed that the adsorption &b
kinetlcs are governed by chemisorption. =
T
3.6. Analytical performances E-
2
The analytical peeformances of the hiesapchical nanocomposite 2
Zn0E CF@Fes0e-S102-NH2@MIP adsorbent coupled with HPLC-DAD "0
were evaluated including linearity, LOD, LOQ, enrichment factor (EF)
and repeatability. The results are presented in Table 1. The LOD and 0 . . ; .
Liky of the developed method were estimated to be 2.0 and 5.0 pg L'l, [1] 2 4 i L inm 1z
based on signal-to-noise raties of 3 and 10, respectively. Enrichment Retention time (min)
factors were determined from the ratio of the concentration of each _ .
sulfonamide after extraction to the initial concentration of each sul- Fig. 4. Ch vt Goges & oeal stk gl

fonamide in the sample solution (EF = Cyepe/ACh). The evaluation of the
repeatability was based on intra-day and inter-day precision and the
RSD were investigated within one day and six different days, respec-
tiwely These reanlts indicated the high sensitivity and aomtanding

repeatability of the developed approach.

[a), standard sulfonamides solution (b), and a spiked milk ample (c]), wing the
propased hierarchical mangcamposite ZoChm (P @ FeaOa-5i0=
N, @MIP adsorbent.

2.7 Analysis of sulfonamides in milk and waier
The developed hierarchical nanocomposite ZniNECFE Fes0y-510z-

NHz@MIP adsorbent was applied o extract and determine sulfonamides
in milk and aquacnliure water samples. Concentrations of sulfadiazine
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Table 3
The analytical method for the determination of sulfonamides in various samples.
Extracticn Method Extractant Sample Sample Elutian velume LOD (1 L'} Recovery (%) References
method amount (mL)
MEFE HPLL- FegOy Gl Wader 1mL 1 (OG-0 10 ET.4-1159 =1
DAD
MSFE HPLE-UY CoFey graphens ik 1.5mL o5 1.16-1.59 B20-1043 (8]
MSFE HPLEUY MIP-pGMAGA-MNFs Feed TE 2 1 BAL-107.0 [za]
5LE HPLLC- Me0E and AW Shrimp 1z 05 109 ElL&-1168 =]
DAD
SPE HPLL- Sal-gel /MIF Mk g 2 1.5-13.3 BS.H-10592 [4a]
DAD
SFE HPLC-UY M Sad] 10mL 1 Lo 95.0-1050 [#1]
SFE HPLC- VTTS-MGONTmSi0, WP Wader 50 mL 2 OO0 004 BT.4-10%3 [42]
DAD
A-MSPE HPLE-UY VEFe lufiGe milk 5 mL 1E 0.11-0.25 FTA11E0 [=a]
MEFPE-{. DLLME HPLL- MCHs Food stuffs 100 ml. 1 0O -5.00 TOLO-90.0 [xa]
DAD
MSFE HPLE FniCR T Fesy St wilk and 15 mL 2 o B2 This work
DAD NHy @FMIF waber

MEPE = magnetic solid-phase extraction, SLE < solid-lquid extraction, SPE < solid-phase extraction, d-MSPE < dispersive magnetic solid-phase extraction, DLLME <
liguid-ligquid micro-extraction: DAD < diade array detection, UV < ulira-vielet detection, Peg0,-GOx < Fey0,-graphene axide, CoFe 0, -graphens < grphene-based
magnetic nanocompasite, MIF < molecularly imprinted polymer, pGMA < palyiglycdyl methacrylate]), A-MNPs < amino-functiomalized magnetic nanoparticles,
MGOEmSil; = magnetic graphene axide, VTTS-MGO@mSi0y = magnetic graphene oxide modified with vinyl groups, LPME < liquid-phase microextraction, Y58
Fey0,@GC = yolk-shell Pey0 @ graphitic carbon, MCKS = magnetic carbon nanocomposibe.

lower than the maximum residue limits were found in some samples
(Table Z). The accuracy was also evaluated by spiking sulfonamides im
real eamples at 10, 20 and 50 pg Lt Accuracy was evaluated in terms of
relative recovery, which was determined according to the following
equation:

Relative recovery (%) = (CrCs)/Cope *100, where Cy is the total
sulfonamides in the sample after spiking with the standard, Cs is the
residual sulfonamides in the sample, and Cgyye s the sulfonamides
spiked in the sample. The obtained relative recoveries from the milk
ranged from 4.3 to 96.2 % and the warter samples ranged from 85.4 1o
96,0 %. The HSDs ranged from 2.4 10 6.2%. The HPLC chromatograms
for a milk sample, standard sulfonamides, and a spiked milk sample
(Fig. 4) were produced after extraction using the hierarchical nano-
composite ZnONE CFE Fey0y-510,-NH, @MIP adsorbent.

3.8 Reusability of Merarchical nanocompasite ZnONDCFR Feqll#Si05
NHz@MIP adsorbent

The reusability of the hierarchical nanocomposite ZnO@ECFEFeq04-
S105-NHy@MIP adsorbent was investigated by the repeated extraction
of sulfonamides in milk. To eliminate any carry-over effect, the used
adsorbent was cleaned before the next extraction by washing with 2.0
ml methanol and DI water. The developed adsorbent can be reused 5
times before the recovery of sulfonamides falls below 80 % (Fig. 5130
The decreasing extraction recovery after 5 extraction cycles due to the
loss of adsorption material during the washing step and the possible
adsorption through non-specific interaction of some interferences. The
developed composite Zn@CFEFey0y-Si0-NH;@MIP adsorbent for
the extraction of sulfonamides in real samples can be effectively used for
5 adsorption-desorption cycles.

2.9 Comparison with other works

The analytical performances of the developed approach were
compared with those of other methods previously reporied for the
extraction and determination of sulfonamides. The comparizon is sum-
marized in Table 3. The developed method provided comparable or
Detter extraction revoveries tham other mediods. The LOD s also come-
parable with other methods. In addition, the developed nanocomposite
adsorbent is highly specific for sulfonamides which enables is appli-
cation in & variety of matrix samples. Thus, the developed hierarchical
nanocomposite ZnOE@CFE Feg0g-Si0-NH@MIP adsorbent presents a

highly effective and selective alternative method of extracting sulfon-
amides, which is also simple, rapid and convenient to perform.

4. Conclusion

A novel hierarchical nanocomposite adsorbent was suceessfully
designed and fabricated using zinc oxide, carbon foam, silica-coated
magnetite nanoparticles, and molecularly-imprinted polymer. The
fabricated adsorbent was utllized to extract and determine sulfonamides
in milk and aquaculture water samples. The nanocompaosite of zine oxdde
and carbon foam exhibited a high adsorption ability, the molecularly-
imprinted polymer was highly specific toward the target sulfonamides.
The developed method achieved good recoveries (B4.3-96.2 %) of sul-
fonamides and exhibited good selectivity, reproducibility and repeat-
ability. The nanocomposite adsorbent is simple to fabricate, convenient
to use, rapid, and its stability allows reuse. The developed approach can
be modified and wtilized to extract and determine other compounds in
varlous sample matrices,

CRediT authorship comribution siotermens

Ananya Kliangsuwan: Methodology, Software, Validation, Writing
- original draft, Concepiualization. Apichai Phonchai: Concepiualiza-
tion, Formal analysis, Investigation, Resources, Data curation, Writing -
review & editing. Opas Bunkoed: Methodology, Concepmualization,
Formal analysis, Investigation, Resources, Data curation, Writing - re-
view & editing, Supervizion, Project administration, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relatlonships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was foanclally supposiesd by e Nagonsl  Research
Council of Thailand, Grant number NRCTS-RSAGS022-03, the Center of
Excellence for Innovation in Chemistry (PERCH-CIC). Ananya Kliang-
suwan was supported by the Faculty of Science Research Fund, Prince of
Songkla University, Contract no. 1-2563-02-002. Mr. Thomas Duncan



A Khanganean e al

Coyne is also acknowledged for assistance with the English text of this
mAnISCripL.

Appendix A. Supplementary data

Supplementary data to this article can be found online at hirps:/dod.
org A0 1016,/ microe. 2022 107443,

References

[11 XIS}\LT Bieng, JH Lin, AL Sen, DX L, CX ¥ao, ¥. Lo, J. Chen, Group-
selectve m-:kmlli}- imprinied palymer solid-phase exiraction for the
Ination of six des In e products,
J. Chromaioge. B 879 (3011) 1071-1078, birps://dalorg 10000167,
Jehromb. 200 1.03.019.

[2] A Ayankojo, J_ Rewi, A. Opik, V. Syritsld, Sulfamethizole-imprinied palymer oo
screen-prineed electrodes: iowands the design of a portable envircamental sensor,
Sems. Acmaines B Chem. 320 (2020) 9, heips://dodorg /10 1006/
snb 2020, 12550,

[3] M. CondesOid, G. Ferreira-Coelho, D. FemandezCalving, A Kunez-Delgado, M.
J. Fermnandez-Sanjurjo, M. Aras-Extevez, E. Alvarez Rodriguez, Single and

ik af three sulfi des In
and organic matter comtent, Sci. Towd Environ. 744 (20200 14, hirps, /dol.org,
101006/ p o oteny 20201 4087 2

[4] A.A Basheer, Chemdral chiral pollstion: impact on the soctery and science and
need of the regulations in the 21 cennary, Chiral 1. 30 (2018) 402-306, bips
dod org, 10 10602 e bidr. 22808,

[5] L Al C.K. Jaln, Groundwater contamination and health hamirds by some of the
maost commonly used pesticides, Carr. Scl. 75 (1998) 1011-1014. heipe/Swww.

WIMTITT.

[&] eration mano-adsorbents for the remowal of emerging
contaminants in water, 1. Bol. Lig. 261 [2008) 583-593.
[7] AA Bashewr, 1 All, uptake and of (+)-0, p-DDD

pﬂbﬁjemhmmacdimuus}mdmiJ 30 (201 8) 10881095,
heipes: /vdiod org /10,100 -.'hlr J.’.':lH'-

[8] & Chariomes, V.F. i , T
method for the fan d’ﬂu
accarding o the European Decishan 657/2002/EC, Food Anal. Methods 10 (2007)
2011-2N7, birps:/dal. org, ||l D07 /51 2161-016-07 661,

[%] T. Sukchusay, P. Kanath b, P. Thavarungkul, . Bunkoed,
Falypyrrole/sili Wanhxamt&rMWmuf
sulfosamides from water samples, J. Sep. Sci 38 (2115) 3521-3927, hirps://dal.
org 10 U002, sz 200 S0 '."Hl

o] m | ML hamb: o af
rslﬂlsmuuma]&udmﬁ:b}' dispersive solid-phase extraction using
magnetic carbon nanOCampasites nw;l:dmrh jon pair-dispersive Rgquid-Hquid
T SNITACTION Combinad With HELU-LAL, J_ 1T CIST. s00. LE (2K01)
1433-1 442, hirps//dol.ong, 101007 /5137 38020020272

[11] M. Orachom, . Bunkoed, ryhrid magneti postte of
the enrichment and ultra-trace of de and
38 (30N ) 122277, hiips/Adolorg 101008, ) talanta HI21. 122337,

[12] F. shakirova, A. Shishov, A. Bulatov, Automated liquid-Hquid microextraction and
determination of sulfonamddes in urine samples based on Schiff bases fomuation I
naiural deep ewiectic solvent media, Talanta 234 (3021 122660, hrips/dolocg’
I 10D alania. 2021.1 22600

[13] M. L4, B. He, Ulirasensitive sandwich:type elecirochemical biosensor based on
octahedral gold rlannpanir:lﬂ :lndLBnd pdy [ethylenimine) hnuhnﬂla:d
graphitic carbon ndiride jon of suld Sens.
Achmiors B Chem, 329 (2021), 129|53. I|L'Ipr: dod.arg 0. 1006/
soh. X L1291 58.

[14] 2. Melo Henrique, J. Rocha Camargo, G. Gabriel de Olivelra, J. Santos Stefanc,
B. Campes Janegiiz, Disposable elecirochemical sensor based on shellac and
graphite for sulfamethoxazole detection, Microchem. 1. 170 (2021) 106701,
izps:/dol org/ 10U 1016,/ mdoros 2021 1067

[15] X. Geng, % Lv, J. Yang, 5. Cui, Z. Zhaa, Carboxyl-funcricnalized biochar derived
fromn walnut shells with enhanced aqueous af sulfonamide antbiotics,
1. Environ. 28O (2021) 111749, birps:/dol.org, 10,101 &)

JEEmAn. 2020.1 11744,

[1&] A Moga, M. Vergara-Barberan, M.J. JLM. Herrero-Mariinez, E.

F. Sim-Alfonso, Poly(ethylens glycol) diacrylate-based solid-phase extraction for
determination of sulfonamides in meat samples, Microchem. J. 157 {3020)
104931, bacps:/dal.orgs 101016, microer, 2020, 108931

[17] L Wen, L Liw, X. Wang, M.L. Wang, 1. M. Lin, R.5. Zhao, Spherical mesoparous

covalent arganic framework as a salld-phase extraction adsorbent for the

ve of in food and water samples by lquid
[ hy-tandem mass spectromeiny. J. Chromadogr. A 16325 (20200
4G12FE, birps: 7 /dol.orgs/ 101016/ chroma, 2020, 86 1 275,

[18] A Shishov, A Gorbunow, E Barancwskid, A Bulaiov, Microssiraction of
suliopamides from chicken meat samples in three-component deep eutectic
solvent, Microchem. J. 158 (2000) 105274, hitps:/ ‘dolorg /10
il orer, 2020, 105274,

[1%] 5. Jullakan, O mnmmmlmmbﬂud'mtﬂhmpw

i, A les for the sxtractian

@ probes for
Talanta

63

Microchemical Jourmal 179 (2022} 107443

and enrichment of sulf; des in milk, 1. Chr
hirpsz//dol.org 10,100 /) jehromb, 2021, 122600,

[20] P.L AL T-A khan, I Ahmad, Treatment and remediation methods for arsenlc
removal from the ground water, int. J. Environ. Eng. 3 (20015 48-71, hetpesdod
arg10.1504/1 2011.037E73.

[Z1] A Bashesr, Advances in the smart materals applications in the

industries, Adrer Eng Aerosp Technol. 92 (2020) 1027-1035, heips:/‘dolorg

10.1 108 A EAT- 0. HG0-C4 0.

lﬂlﬂ.HthhalbLM"" &' AL Al

Preparation of a earbouy 1| for uptake of aiorvastatin

in waber, Int. J. Blol Incmmnl. 132 (3019 244—1‘51 bitps://dol. org/ 10 B/).

|jbsomac. B01%.00. 211

[Z2] P.L AL, O Abharkl, Z Alothman, A Badjah-Badj-Ahmead, Kinetics,
thermodynamics, and modeling of amido black dye photodegradation in water

J Photochem Photobicl. 54 (2018) 935-941. hips:/s

B 1180 (3021 122504,

b4

using Co/TI0,
dol.org/10.1111/php. 12937,

[24] P.L AlL A Burakow, A Melezhik, A. Babkin, L Bumkova, E.
E. Galupin, A Thachey, 0. nmu:mv hnm:lnfmﬁ)ﬂtl]jm:lm[]ljlnh
water an a newly h
material: kmﬂﬂ.ﬂ:umdmzml mechanism, Chem. Select. 4 (20019)
1270812718, bitps://dal.oog 10 100 slci. 201 SO265T.

[25] M. al-Shaalan, P.L All, Z Alothman, L Al-wahaibl, H. Alabdulmonem, High

removal and simulation studies of divron pesticide in waier on

MWCNTs, J Mol Lig 289 (2019), 111009, hirps/‘dolorg 101016/
miolkig. 2019111039

[2&] Y. Zheng, L Fan, ¥. Dong, D. LI, L Zhao, X Yuan, L Wang, 5. Zhao, Determination
of sulfonamide residues in bvesiock and pouliny manure using carbon nanatsbe
extraction combdned with UPLC-MS /M5, Food Anal Methods 14 (2021) &41-65Z,
hizps://dol.org, 101007 /sEZ161-020-00 9104

[27) ¥.Zhang W. Liao, Y. Dal, W. Wang, A Wang, Covalent arganic framework Schiif
lbase netwark-1-based plpette tip solid phase exiraction of sulfonamides from milk
and haney, J. Chromaingr. A 1634 [ M030) 461665, hrips//dol org/ 10010167,
chroma 2020451665,

[28] DL Lw, © Liu, M. in, J. Deng, G. Shi, T. Zhouw, Functicealized loode ands
supported metal organi ks for disper solid phase
sulfomamide aniithiotics in waier samples, Anal. Chim. Acta 1133 (2020) BB-*!E,
hirps:/Fdal.org, 10100 &) aca 7074,

[29] ¥.LiJwan, ZX. l'_II'I.m,Q.E Llal.?_Duw:n LthElnns_ Pip:n:-lJpgiI‘J-phane

bromide

using
disulfide nanasheets as an efficlent adsarbent for the exiraction of sulfcoamides in
environmental water samples, 5. Sep. Scl. 43 (2020) 905-911, hiips, ‘dolarg
10.1 0027} s5r. 201 FO0ETL.

[30] X Liw, ¥. Tang, L. Zhang, Tallorable volk-shell FeyOyifgraphiiic carbon
submicrboxes as efficlent sxtraction materials for highly sensitive determination
aof trace sulfonamides in food samples, Food Chem. 303 (2000) 125388, hips:/
dol.org 1001016/ fondchem. 2019, 1 25359,

[31] M. Chansud, N. Langnapa, O Bunkoed, A nanchybrid magnetic sensing probe for

o lon parons t selective polymer and
| dots, J. Fharm. Biomed. Anal. 205 (2021 114316, hripedod.
arp IO 100G .J|'I A.Z0E1. 1 1400,

(3] M. i, P, Murerk, P. K 0. Bunkoed, A nanosorbent consisting
af a magnetic molerularly imprinted polymeer and graphene oxide for mult-residue
analysis of cephalosparins, Microchim. Acta 186 (2009) 9, hops://dodarg
10. 1007 /s0604.019.39

[33] M. Zhang, J. Gao, . Huang, W. Liu, P. Tong, L. #hang, In situ growth
of ¥ndy'g-C3Ny nanaflowers coated salid-phase microextraction fibers coupled with
{GC-MS for determination of pesticides residues, Anal Chim. Acta 934 (2016)
122-131, bitps://dal.org/ 101016 aca 301606, 0E

[34] W. Kaewsuwan, P. Kanatharana, €. Bunkoed, Dispersive magneiic solid phase
exiraction wsing octadecyl coaied silica magnetiie for the exiraction
of I wader L. Anal Chem. 72 (2017) 957-965, hoips/ ded.
arg 10,11 34,1061 3481 TOH 41

[35] M. Sajid, C. Basheer, M. Membrane protected micro-solid-phase exiraction
of cegancchlorine pesticides in milk samples using zinc oxde Incorpomated carbon
fpam as sorbent, J. Choomatogr. & 1475 (2018) 100-115, heips/dolorg/
10.1016¢). chroma. 201 6.1 1008

[3&] M.E. Yetim, F.E Baysak, M.M. Kog, D. Nartop, Characierization of
Feay§PSI0; nanoparticbes with fluorescent properties for potential muly
imaging and theranostic applications, J. Mater. Scl.- Mater. Elsctron, 31 (3041
1827818288, hirps: /s dal.org 10 1007 /51 085 5-T.

[37] P. Shi, N. Ye, oxlde s & tie solld-phase

fior the deter af trace In water
Anal. Methods & (2004) 9725-9730, hirpss//dol.org 1001 039/ C4AY D2 TH,

[38] ¥. L, X Wu, Z L, 5 Thong, W. Wang, A Wang, J. Chen, Fabrication of
CoFe;0y-graphene n:nnenmpﬂdheand Its application in the magnetic solid phase
exiraction af sulfonamides from milk samples, Talanta 144 (3015) 1279-1286,
hirps://dol.org 10,101 &/ talanta 2005 08. 006,

[35] ML Feng, HUY. LL L Thang, I¥. Thang, 1F. Dal, X1 Wang, LL Thang, Y.1. Wel,
Preparacion and application of novel magnetc molenslarly imprinted composites
10T PECOEIMLON Of SUIAMMEMOne I fesd Smples, AnaL 50l 52 (LUL6) 21/-521,
hitpe://dal.oeg 7102116 /anakee] 33 517,

[40] M. Kechagia, V. Samanidou, A. Kablr, B.G. Furton, One-pot synthesis of a muli-
iemplace malecularly imprinted polymer for the exiraction of six sulicoamide
residues from milk before high-performance liquid chromatography with diode




64

A Kliangsmwan et al Microchemicad Jowmal 179 (202Z) 107443
armay detection, J. Sep. Scl. 41 (2008} 723731, hops.//dolorg 1001002 J. Chromatogr. A 1592 (2019) 38-46, hiips/dol.org 10,1006/,

JERc 201005, chroma 1.053.

[41] GF. Zhu, W.W. L4, L. Wang, P.Y. Wang, DuY. Shi, J.I. Wang, J. Fan, Using londc [42) Y.M. Fan, G.L Zeng, X.G. Ma, Bffects of ') ‘an suriace molecular
liquid momomer 1 improve the selective recognition performance of surace imprinted palymer for rapid separation and analysis of sulfonambdes in water,
imprinted palymer for sulfmonsmethoxine in strong palar mediom, J. Callold Interface Scl 571 (20200 21-29, heips://dolorg/ 10,1014/,

7




65

Supplementary material

A magnetic molecularly imprinted polymer hierarchical composite adsorbent
embedded with a zinc oxide carbon foam nanocomposite for

the extraction of sulfonamides

Ananya Kliangsuwan?, Apichai Phonchai® ¢ and Opas Bunkoed®

4Center of Excellence for Innovation in Chemistry, Division of Physical Science,
Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla 90110, Thailand
bDivision of Health and Applied Sciences, Faculty of Science, Prince of Songkla
University, Hat Yai, Songkhla 90110, Thailand

‘Forensic Innovation Center, Prince of Songkla University, Hat Yai, Songkhla 90110,

Thailand

Corresponding author: Email address: opas.b@psu.ac.th



66

H O
\\/ \// _o N N\S//
H,N H, o NH
~

Sulfadiazine, SDZ Sulfamethazine, SMT Sulfadimethoxine, SDM
Fig. S1 Chemical structure of three target sulfonamides (sulfadiazine,

sulfamethazine, sulfadimethoxine)

Transmittance

h 3394 LN

4000 3600 3200 2800 2400 2000 1600 1200 3800 400 0
Wavenumber (cm!)

Fig. S2 FT-IR spectra of ZnO@CEF (a), Fe30s-SiO2-NH2 (b) and the hierarchical

nanocomposite ZnO@CF@Fe304-SiO2-NH2@MIP adsorbent (c)



67

150

3).

SDM

/7777777777777

B B o o B 2

SDZ 8SSMT Z2SDM
SMT

100

BSDZ

50
mount of adsorbent (mg)

R e e e e e

A

5

2

\-

i

e
e e s

100 A
80 -

(%) A13A003y (%) A13A000y

Fig. S3 Effect of the hierarchical nanocomposite ZnO@CF@Fe304@SiO»-

NH.@MIP adsorbent dosage on the extraction of sulfonamides (n

S <
[Q\]

3).

60

40

30
Extraction time (min)

20

10

Fig. S4 Effect of extraction time on the recovery of target sulfonamides using the

hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent (n
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Fig. S5 Effect of the type of desorption solvent on the recovery of sulfonamides with

the hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH2@MIP adsorbent (n=3).
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Fig. S8 Effect of sample solution volume on the extraction of sulfonamides using the

hierarchical nanocomposite ZnO@CF@Fe304-SiO2-NH@MIP adsorbent (n=3).
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Table S1 The linear regression of the pseudo-first-order and pseudo-second-order

models for the adsorption of three target sulfonamides on the hierarchical

nanocomposite ZnO@CF@Fe304-SiO2-NH.@MIP adsorbent

Coefficient of determination (R?)

Analyte

Pseudo-second-order

Pseudo-first-order

0.9999

0.0393

SDZ

0.9991

0.0100

SMT

0.9992

0.0079

SDM
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