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CHAPTER1

INTRODUCTION

1.1 Introduction

Sulfonamides are among the most widely used antibacterial agents because of
their low cost, low toxicity, and excellent activity against common bacterial diseases
[1-2]. They are used for therapy, prophylaxis, and growth promotion in livestock.
However, long-term use of sulfonamide agents can cause serious side effects, such as
Stevens-Johnson syndrome and carcinogenicity because of human consumption [3-4].
Additionally antibacterial drug in food can cause anaphylaxis in sensitive patients and
can foster the development of antibiotic resistance in pathogenic organisms. The
European Union (EU) has set the maximum residual level of sulfonamides in edible
tissues and in milk at 100 ng/g [5]. Several conventional methods for the separation
and determination of the sulfonamide content of different samples have been reported:
gas chromatography (GC), gas chromatography-mass spectrometry (GC/MS),
capillary electrophoresis (CE) [6-7], enzyme-linked immunosorbent assay (ELISA)
[8], thin-layer chromatography (TLC), high-performance liquid chromatography—
mass spectrometry (HPLC/MS), and high-performance liquid chromatography
(HPLC) [9-16]. The common detectors used in the analysis of sulfonamides are
ultraviolet (UV) [17-24] and fluorescence [1, 25], which exhibit high sensitivity and
selectivity. Even though these methods provide high sensitivity and selectivity, these
equipments need laboratory space to house them. They are also expensive. Moreover,
they still require sample preparation, such as solid phase extraction (SPE) [1, 9, 11-14,
23] or liquid phase extraction (LPE) [21,26] that significantly increase analysis time.
Nowadays, HPLC coupled with on-line solid phase extraction (SPE) has been
reported [27-32] to significantly improve this problem. On-line SPE is an attractive
sample preparation technique because it can reduce sample preparation time and
increase sample throughput [16]. Sequential injection analysis (SIA) is a suitable
technique for on-line SPE and can be coupled with electrochemical detection (EC).
Electrochemical detection not only utilizes low cost instrumentation, but it is also fast

and highly sensitive [26,33]. Of the SPE materials that have been reported in the



literature, Oasis HLB was the most attractive for this study. This material is a
hydrophilic-lipophilic balanced (HLB) sorbent in SPE that is composed of two
monomers (N-vinylpyrrolidone and divinylbenzene).  This material exhibited

excellent retention capacity for a wide polarity of analytes in previous studies [9,15].

In this work, the aim was to develop on-line SPE techniques coupled with
sequential injection analysis for the separation and determination of seven
sulfonamides-sulfaguanidine (SG), sulfadiazine (SDZ), sulfamethazine (SMZ),
sulfamonomethoxine (SMM), sulfamethoxazole (SMX), sulfadimethoxine (SDM),
and sulfaquinoxaline (SQ)-by HPLC using electrochemical detection. A silica-based
monolithic column was employed for sulfonamide separation because of its high
tolerance for organic solvent, which led to a longer lifetime, and lower backpressure,
relative to traditional columns. This methodology was then applied to determine
residual concentrations of the seven sulfonamides (Figure 1.1) in shrimp using the

Oasis HLB SPE material for sample extraction.

H
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sulfadiazine (SDZ) sulfamethazine (SMZ) sulfamonomethoxine (SMM)
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W g
oM Q /©/ 0 NH,
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G _J\- 7 5 ’N ] D""'\-..
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sulfadimethoxine (SDM) sulfaquinoxaline (SQ)

Figure 1.1 Chemical structures of the studied sulfonamides.



1.2 Research Objectives

Sequential-injection on-line solid-phase extraction coupled with HPLC-EC
was developed for the separation and determination of sulfonamides (SAs). The
developed method was then applied to the determination of sulfonamides in real

samples.

1.3 Scope of Research

The sequential-injection system for on-line solid-phase extraction coupled
with HPLC-EC was utilized for the determination of seven SAs. The effects of eluent,
sample loading and eluting rate, eluate zone, linearity, limit of detection, and limit of

quantitation on the separation and determination of SAs were studied in detail.



CHAPTER 11

THEORY

2.1 Flow-Analysis Techniques

Flow-based methods are well established and widely used as automated
methods for analysis. In this section two flow-based methods, flow injection analysis

and sequential injection analysis, are discussed.

2.1.1 Flow Injection Analysis [34]

Flow injection analysis (FIA) is a well-established continuous-flow technique
that has proven its utility in both basic research and practical applications. This
technique was initiated almost simultaneously in the mid 1970s by Ruzicka and
Hansen [35] in Denmark and Stewart and coworkers [36] in the United States. The
principle of this technique was to exploit controlled dispersion in narrow bore tubing,
sometimes called “zone fluidics”. A typical FIA manifold is illustrated in Figure 2.1.
To carry out the technique, a volume of sample is inserted into the sample loop of an
injection valve while a stream of carrier and a stream of reagent are mixed at a
confluence point, flowing constantly through the detector. After the sample loop is
filled with the sample, the valve is rotated so that the sample is injected into the
flowing carrier stream and physically transported by the carrier to the confluence
point, where it mixes with the reagent. In the course of its travels through the reaction
coil, the sample zone disperses and reacts with the reagent to form a detectable
species. The detectable species gives rise to a transient peak when it passes through

the flow-cell of the detector.



Figure 2.1 A typical manifold for flow injection analysis.

2.1.2 Sequential Injection Analysis [34,37,38]

Sequential injection analysis (SIA) was first proposed by Ruzicka and
Marshall [39] in 1990 as a possible alternative to FIA. The principles upon which
SIA is based are similar to those of FIA, namely controlled partial dispersion and
reproducible sample handling. In contrast to FIA, SIA employs a computer-
controlled multi-position selection valve and bi-directional pump operated

synchronously. A typical SIA manifold is illustrated in Figure 2.2.

Figure 2.2 A typical manifold for sequential injection analysis.

Propulsion of solution through the manifold tubing (typically 0.5-0.8 mm i.d.,
PTFE) is achieved using a peristaltic pump or a syringe pump. A holding coil is
placed between the pump and the common port of the multi-position selection valve.

The selection ports of the valve are coupled to sample and reagent reservoirs as well



as the detector. The valve is directed to a selection port that is connected to the
sample line and a zone of the sample is drawn up into the holding coil by the pump.
Then, the selection valve is directed to a port that is connected to a reagent line and a
zone of the reagent is drawn up into the holding coil adjacent to the sample zone.
Next, the selection valve is switched to a port that is connected to a detector. As the
zone moves towards the detector, zone dispersion and overlap occur, resulting in the
formation of the detectable species that is monitored by the detector. The vast
majority of SIA procedures are still based on the solution-phase chemistry described

above.

Comparing SIA and FIA for simple sample manipulation, the following points

were made in Table 2.1.

Table 2.1 Comparison between SIA and FIA.

SIA FIA

A simpler, more robust single channel Simplicity and low cost
manifold even with multi-component instrumentation

chemical systems.

Syringe pumps offer increased Multi-channel peristaltic pumps
robustness with precise operation and
little maintenance for process

applications.

Sample and reagent consumptions are High sampling rate
minimized due to the discontinuous

operation mode.

Selection valve provides a means for Reduced analyses cost when a lot of

. . samples have to be analyzed
performing convenient automated p v Yz

calibration.
Accurate handling of sample and Automation in sample preparation and
reagent zones necessitates computer detection

control, so automation becomes

essential.




In recent years, it has become apparent that the scope of SIA can be extended
to encompass a wide variety of more complex, on-line, sample-manipulation and
pretreatment procedures. In these systems, the ports of the multi-position selection
valve are coupled to various units (e.g., reservoirs, detectors, pumps, reactors,
separators, special cells, and other manifolds), as illustrated in Figure 2.3 [40]. After
aspiration of the sample zone into the holding coil via the sample line, the sample can
be manipulated in different ways within the SIA manifold by taking advantage of the
stopped-flow, bi-directional nature of fluid handling in SIA.

Figure 2.3 Different potential uses of SIA in automated sample pre-treatment.

2.2 High Performance Liquid Chromatography (HPLC) [41, 42]

High performance liquid chromatography is widely used for the separation of
two or more compounds in a mixture by distributing them between two phases: (a) a
stationary phase, which can be a solid or liquid supported on a solid; and (b) a mobile
phase, which is liquid and flows continuously over the stationary phase. The

separation of individual components results primarily from difference in their affinity



for the stationary phase. Figure 2.4 shows the four most widely used types of HPLC
instruments. These methods include: (1) partition or liquid-liquid chromatography;
(2) adsorption or liquid-solid chromatography; (3) ion exchange chromatography; and
(4) size exclusion chromatography, including gel permeation chromatography and gel
filtration chromatography. The schematics for the four modes of liquid
chromatography are diagrammed in Figure 2.5. This research presented here will

focus specifically on adsorption chromatography.

Figure 2.4 Types of liquid chromatography.



Figure 2.5 Schematic representations of the four modes of liquid chromatography.
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2.2.1 High Performance Adsorption Chromatography [43]

Adsorption chromatography (Figure 2.5 (C)), often referred to as liquid-solid
chromatography, is based on interactions between the solute and fixed active sites on
a solid adsorbent used as the stationary phase. The adsorbent can either be packed in
a column or spread on a plate. This adsorbent is generally an active, porous solid with
a large surface area, such as silica gel, alumina or charcoal. The active sites, such as
silanol groups on silica gel, typically interact with the polar functional groups of the
compounds to be separated. The nonpolar portion of the molecule, however, has only

a very minor influence on the separation.

2.2.2 Instrumentation [41,44]

HPLC is frequently used in biochemistry and analytical chemistry to separate,
identify, and quantify compounds. HPLC utilizes a column that holds
chromatographic packing material (stationary phase), a pump that moves the mobile
phase through the column, and a detector that determines the retention times of the
molecules. The variation in retention times depend on the interactions between the
target analyte, the stationary phase, and the solvent used. Figure 2.6 depicts a

diagram of the important components for a typical HPLC instrument.

Figure 2.6 Important components of a typical HPLC instrument.
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2.2.2.1 Mobile Phase Reservoir

The reservoirs are storage containers made of material resistant to chemical
attack by the mobile phase. In most common systems, the reservoirs are either 1 or 2
liter glass bottles. It is often necessary, and usually preferable, to remove dissolved
air from the mobile phase before it is fed to the pump, a procedure called mobile
phase degassing. Degassing can be achieved by helium dispersion, applying vacuum
to the mobile phase, ultrasonication, or heating. Bubbles of dissolved gases can cause
the operation of the HPLC pump to become unreliable, leading to fluctuations in flow
rate. Bubbles can also get trapped in the detector flow cell, causing problems with

this module as well.

The mobile phase is typically comprised of a single solvent or a solvent
mixture. Use of a constant composition is referred to as isocratic elution, while
gradient elution is the sequential use of two (and sometimes more) solvent systems
that significantly differ in polarity. The ratio of the two solvents is varied in a
preprogrammed way during the separation, sometimes continuously and sometimes in

a series of steps.

2.2.2.2 Pump

The requirements for liquid chromatographic pumps include: (1) ability to
generate pressures of up to 6,000 psi, (2) pulse-free output, (3) flow rates ranging
from 0.1 to 10 mL min™, (4) a flow reproducibility of 0.5 % or better, and (5)
resistance to corrosion by solvents. The types of pumps used in liquid
chromatography can be divided into two categories according to the mobile phase
dispensing mechanism: constant volume pumps (e.g., reciprocating pumps and

syringe pumps) or constant pressure pumps (e.g., pneumatic pumps).

Syringe pumps dispense liquid using solvent displacement by a mechanically
controlled piston advancing at a constant rate in a fixed-volume chamber (250-500
mL capacity). The pump output is relatively pulse-free, of very high pressure, and

gradient and flow programming are quite straightforward. The disadvantages of this
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type of pump are high cost, limited solvent reservoir capacity, and problems with

solvent compressibility.

The reciprocating type of pump is the most widely used in HPLC systems.
This device consists of a small cylindrical chamber that is filled and then emptied by
the back-and-forth motion of a piston. The pumping motion produces a strong, pulsed
flow that must be subsequently damped. Advantages of the reciprocating pump
include small internal volume, high output pressure (up to 10,000 psi), readily
adaptable to gradient elution, and constant flow rates, which are largely independent
of column backpressure and solvent viscosity. Because of these reasons, most
modern commercial chromatographs employ a reciprocating pump. Yet other some
instruments use a pneumatic pump, which consists of a solvent container housed in a
vessel that can be pressurized by compressed gas. This type of pump is inexpensive
and pulse-free. The limits on solvent capacity and pressure output are major
disadvantages and pumping rate depends on solvent viscosity. Furthermore, these

pumps cannot be adapted to gradient elution.

2.2.2.3 Injector

The most commonly used sample injector in HPLC is the loop injector. A six-
port, high pressure, external loop injector and its basic operating principles are
illustrated in Figure 2.7. In the load position, sample is forced through the loop by a
syringe. Once the loop is completely filled, the valve core is rotated either manually
or by an automatic air-operated or electrically-operated actuator. The
chromatographic pump then forces mobile phase through the loop and displaces the

load to the column. To refill the loop, the core is rotated back to the load position.
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Figure 2.7 Schematic diagram of a loop injector in the (A) load and (B) inject

positions.

2.2.2.4 Columns

Typically, there are two types of columns in an HPLC system: an analytical
column and a guard column. The guard column is placed before the analytical
column to protect it from contamination. Guard columns usually contain the same
particulate packing material as the analytical column, but they are significantly shorter
and less expensive. For analytical columns, the conventional columns used are
particle-packed columns. The most widely used type of particle-packed column has
bonded-phase packing. Bonded-phase packing is where a liquid film is coated on a
packing material consisting of 3-10 mm porous silica particles. The stationary phase
may be partially soluble in the mobile phase, causing it to “bleed” from the column
over time. To prevent loss of the stationary phase, it is covalently bound to the silica
particles. Bonded stationary phase are attached by reacting the silica particles with an
organochlorosilane of the general form Si(CHj3),RCl, where R is an alkyl or

substituted alkyl group.
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Figure 2.8 Reaction of bonded stationary phase with organochlorosilanes.

The disadvantages of particle-packed columns are high flow resistance, high
backpressure and particle splitting at elevated flow rates. These drawbacks can lead

to non-reproducibility, low separation efficiency and reduced sample throughput.

Recently, monolithic columns were discovered and verified as an alternative
material to conventional columns. Monolithic columns are classified according to
their base, such as a polymer- or silica-based monolithic column. The polymer-based
monolithic column is prepared by polymerization of a monomer. The excellent
properties of the polymer-based monolithic columns are suitable for large molecule
separation and can be used over a wider pH range than the silica-based monolithic
columns. However, these polymer-based columns are easily swollen or shrunk in
organic solvent. Silica-based monolithic columns are prepared by a sol-gel process
and are used for the separation of small- or medium-sized molecules. The advantage
of this column over the polymer-based monolithic column is that it provides a high
tolerance to organic solvent, which leads to a longer column lifetime. The research

presented here will focus on the use of silica-based monolithic columns.

2.2.2.5 Silica-Based Monolithic Columns

2.2.2.5.1 Formation Processes and Pore Structure Control of Silica

Monoliths

The starting silica sources for silica-based monolithic columns are
tetramethoxysilane, tertraethoxysilane or n-alklytrialkoxysilanes, which are subjected
to acid catalyzed hydrolysis and condensation in the presence of water-soluble

polymers, such as polyethyleneglycols and polyacrylic acid with surfactants as
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additives. The multicomponent solution converts into a sol-gel system through a
nucleation and growth mechanism in which small fractions of a finely dispersed phase
grow in size (see Figure 2.9 (A)) that is limited by a thermally-activated diffusion
process. A second process, called spinodal decomposition, also takes place, leading
to a co-continuous domain structure, which remains stable over an extended period of
time (see Figure 2.9 (B)). Gel morphology is controlled by the kinetics of two
competitive processes: domain coarsening and structure freezing in the sol-gel
transition. The resulting gels are aged and a solvent exchange is performed to tailor
the pore structure. The macroporous gel domains, which have been burned out by
calcination, are filled with the polymer. The mesopore structure and mesopore size
are adjusted by hydrothermal treatment conditions. In this way, the process enables
the generation of two continuous pore systems where adjustment and control of pore
size and the porosity of macropores and mesopores, independently.  The
manufacturing process of monolithic silica rods with 4.6 mm [.D.is done by first
comprises the following consecutive step: preparing the starting sol, then carrying out
phase separation and gelation, and finishing with aging and drying. After drying, the
rods are clad with poly(ether-ether ketone) (PEEK). Further surface functionalization
is then performed in situ. The product is called Chromolith Performance and

marketed by Merck (Darmstadt, Germany).



16

Figure 2.9 (A) Nucleation and growth (diffusion limited) of silica-based monoliths

(B) Spinodal decomposition (spontaneous) of silica-based monoliths.

The bimodal pore structure of a Chromolith column is characterized by a
distinct bimodal pore structure where macropores of 2 pm in diameter and mesopores
with an average pore diameter of approximately 13 mm coexist in the same column
material. The total porosity of the monolithic columns amount to 80% or higher, with
the larger proportion accounted for by macropores. The mesopores generate a
specific surface area of approximately 300 m’g” in the column material. Silica
monoliths (rod) of 4.6 mm. 1.D. size were characterized by classical pore structure
analyses, such as nitrogen sorption at 77 K, mercury intrusion, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). SEM photographs
for the bimodal pore structure of silica-based monolithic columns are illustrated in
Figure 2.10. Using these methods, the mesopore and macropore volume distributions

were assessed to determine the size of the diffusive and flow-through pores.

Monolithic columns have characteristic single piece, through-pore, high
porosity, or cross-linked skeletons. The advantages of monolithic columns are lower
back-pressures, even at high flow rates, and separations that can be performed in a

shorter analysis time and higher sample throughput than particle-packed columns.
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Figure 2.10 SEM photographs for the bimodal pore structure of silica-based

monolithic columns.

2.2.2.6 Detectors

The detector measures the signal corresponding to the concentration of sample
bands as they move off the analytical column and pass through the detector flow cell.
An ideal detector of any type is sensitive to low concentrations of analyte, provides
linear response, and does not broaden the eluted peaks. The detector should also be
insensitive to changes in temperature and solvent composition. Additionally, to
prevent peak broadening, the detector volume should be less than 20% of the volume
of the chromatographic band. Gas bubbles in the detector create noise, so the mobile
phase must be degassed beforechand. The common types of detectors used are
absorbance, fluorescence, refractive index, mass spectrometry, FTIR, light scattering,
optical activity, element selective, and photoionization. The most popular detectors

among those listed are spectroscopic detectors and electrochemical detectors.

Spectroscopic detectors, the most popular HPLC detectors, are based on

spectroscopic measurements, including UV/Vis absorption, and fluorescence.

Electrochemical detectors, another common group of HPLC detectors, are
those based on electrochemical measurements such as voltammetry, amperometry,

conductivity, and coulometry.
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2.3 Fundamentals of Electrochemistry

Electrochemistry encompasses chemical and physical processes that involve
the transfer of charge. There are two categories of electrochemical processes,
potentiometric and electrolytic, that are applied to quantitative measurements.
Potentiometry is the field of electroanalytical chemistry (EC) in which potential is
measured under the conditions of no current flow. The measured potential may then
be used to determine the analytical quantity of interest, generally the concentration of
some component of the analyte solution. Unlike potentiometry, where the free energy
contained within the system generates the analytical signal, electrolytic methods are
an area of electroanalytical chemistry in which an external source of energy is
supplied to drive an electroanalytical reaction that would not normally occur. This
externally applied driving force is either an applied potential or current. When
potential is applied, the resultant current is the analytical signal; and when current is
applied, the resultant potential is the analytical signal. Techniques that utilize applied
potential are typically referred to as voltammetric methods, while those with applied
current are referred to as galvanostatic methods. Unlike potentiometric
measurements, which employ only two electrodes, voltammetric measurements utilize
a three electrode electrochemical cell. The use of three-electrodes (working,
auxillary, and reference), along with the potentiostat instrument, allows accurate
application of potential functions and the measurement of the resultant current. The
different voltammetric techniques are distinguished from each other primarily by the
potential function that is applied to the working electrode to drive the reaction and by
the material used as the working electrode. In this section, some voltammetric
techniques used in this work, such as cyclic voltammetry and amperometric detection,

are considered.
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2.3.1 Mass transport [41]

Reactants or charges are transported to the surface of an electrode by three
mechanisms: (1) diffusion, (2) migration, and (3) convection. Products are removed

from electrode surfaces in the same way.

2.3.1.1 Diffusion

When there is a concentration difference between two regions of the solution,
ions or molecules move from the more concentrated region to the more dilute. This
process is called diffusion and ultimately leads to a disappearance of the concentration

gradient. The rate of diffusion is directly proportional to the concentration difference.

2.3.1.2 Migration

The electrostatic process by which ions move under the influence of an
electric field is called migration. The rate at which ions migrate to or away from an
electrode surface generally increases as the electrode potential increases. This charge
movement constitutes a current, which also increases with potential. Migration
causes anions to be attracted to the positive electrode and cations to the negative
electrode. Migration of analyte species can be minimized by having a high
concentration of an inert electrolyte, called a supporting electrolyte, present in the
cell. The current in the cell is then primarily due to charges carried by ions from the

supporting electrolyte.

2.3.1.3 Convection

Reactants can also be transferred to or from an electrode by mechanical
means. Forced convection, such as stirring or agitation, tends to decrease the
thickness of the diffusion layer at the surface of an electrode and thus decrease

concentration polarization.
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2.3.2 Voltammetry [43,45-47]

Voltammetry experiments investigate the half-cell reactivity of an analyte.
Most experiments control the potential of an electrode in contact with the analyte
while measuring the resulting current, and to conduct such an experiment requires at
least two electrodes. The working electrode, which makes contact with the analyte,
must apply the desired potential in a controlled way and facilitate the transfer of
electrons to and from the analyte. A second electrode acts as the other half of the cell.
This second electrode must have a known potential with which to gauge the potential
of the working electrode, and it must also balance the electrons added or removed by
the working electrode. While this is a viable setup, it has a number of shortcomings.
Most significantly, it is extremely difficult for an electrode to maintain a constant

potential while passing current to counter redox events at the working electrode.

To solve this problem, the role of supplying electrons and referencing
potential has been divided between two separate electrodes. The reference electrode
is a half-cell with a known reduction potential. Its only role is to act as reference in
measuring and controlling the working electrodes potential and at no point does it
pass any current. The auxiliary electrode passes all the current needed to balance the
current observed at the working electrode. To achieve this current, the auxiliary will
often swing to potentials at the edges of the solvent window, where it oxidizes or
reduces the solvent or supporting electrolyte. These electrodes, the working,
reference, and auxiliary, make up the modern three-electrode system. There are many
systems that have more electrodes, but their design principles are generally the same
as the three-electrode system. For example, the rotating ring-disk electrode has two
distinct and separate working electrodes, a disk and a ring, which can be used to scan
or hold potentials independently of each other. Both of these electrodes are balanced
by a single reference and auxiliary combination for a total of four electrodes. More
complicated experiments may add working electrodes or reference and auxiliary

electrodes as needed.

In practice it can be very important to have a working electrode with known
dimensions and surface characteristics. As a result, it is common to clean and polish

working electrodes regularly. The auxiliary electrode can be almost anything as long
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as it doesn't react with the bulk of the analyte solution and conducts well. The
reference is the most complex of the three electrodes with, a variety of different
standard materials used worth investigating elsewhere. For non-aqueous work,
IUPAC recommends the use of the ferrocene/ferrocenium couple as an internal
standard. In most voltammetry experiments, a bulk electrolyte (also known as the
supporting electrolyte) is used to minimize solution resistance. It can be possible to
run an experiment without a bulk electrolyte, but the added resistance greatly reduces
the accuracy of the results. In the case of room temperature ionic liquids, the solvent
can act as the electrolyte. The waveforms of the three most common excitation
signals used in voltammetry are shown in Figure 2.11. The classical voltammetric
excitation signal is a linear scan, as shown in Figure 2.11(a). The potential applied to
a cell of this excitation increases linearly as a function of time. The two-pulse
excitation signals are shown in Figure 2.11(b) and Figure 2.11(c). The current
responses of the pulse type are measured at various times during the lifetime of these

pulses.
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Figure 2.11 Typical excitation signals for voltammetry.

2.3.3 Cyclic Voltammetry [48-51]

Cyclic voltammetry (CV) is a very useful electrochemical technique in many
areas of chemistry. It is rarely used for quantitative determinations, but it is widely
used for studying the mechanisms and reversibility of electrode processes. This
technique is based on varying the applied potential at a working electrode in both the
forward and reverse directions while monitoring the current. In CV, the triangular
waveform shown in Figure 2.12 is applied to the working electrode. After the
application of a linear voltage ramp between times ty and t; (typically a few seconds),
the ramp is reversed to bring the potential back to its initial value at time t,. This
cycle may be repeated many times. The initial portion of the cyclic voltammogram in
Figure 2.13, beginning at zero, exhibits a cathodic wave. Instead of leveling off at the
top of the wave, current decreases at more negative potentials because the analyte

becomes depleted near the electrode, as diffusion is too slow to replenish analyte near
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the electrode. At the time of peak voltage, the cathodic current has decayed to a small
value, as can be seen in Figure 2.13. Afterwards, the potential is reversed and,
eventually, reduced product near the electrode is oxidized, thereby giving rise to an
anodic wave. Finally, as the reduced product is depleted, the anodic current decays

back to its initial value.

Figure 2.12 Cyclic voltammetry waveform.

Figure 2.13 illustrates a reversible reaction that is fast enough to maintain the
equilibrium concentrations of reactant and product at the electrode surface. The
anodic peak and cathodic peak currents have equal magnitudes in a reversible process,
and

Ep - E, = 2303RT = 60.0 (mV) (at25°C) (equation 2.1)

nF n

where E,, and E,. are the potentials at which the anodic peak and cathodic peak
currents are observed, and n is the number of electrons in the half-reaction. The half-
wave potential, E;,, lies midway between the two peak potentials. The formal

reduction potential (E") in a reversible reaction is given by

E' = E, + Ep (equation 2.2)
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For an irreversible reaction, the cathodic and anodic peaks are drawn out and
more separated. At the limit of irreversibility, where the oxidation is very slow, no
anodic peak is seen.

For at reversible reaction, the peak current (/,, amperes) for the forward sweep
of the first cycle is proportional to the concentration of analyte and the square root of

the sweep rate:
I, = (2.686x107n°'?4CD""?v''? (at 25°C) (equation 2.3)

where n is the number of electrons in the half-reaction, A is the area of the electrode
(cmz), C is the concentration (mol/cm3), D is the diffusion coefficient of the
electroactive species (cm?/s), and v is the sweep rate (V/s). The faster the sweep rate,
the greater the peak current as long as the reaction remains reversible. If the
electroactive species is adsorbed on the electrode, the peak current is proportion to v

rather than \/T

Figure 2.13 Typical cyclic voltammogram where i, and i,, show the peak cathodic

and anodic currents (respectively) for a reversible reaction.
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2.3.4 Amperometry [52-53]

Amperometric detection has been developed as a sensitive method for
chromatographic detection of electroactive solutes or as a detection method in
conjunction with a selective biocatalytic step in biosensors. It has also been used as a
detection method in flow analysis techniques. Amperometric detection is based on
oxidation or reduction of an electrochemically active analyte at a working electrode
held at a potential that is high enough to initiate the oxidation or reduction process.
The electric current resulting from this electrochemical reaction serves as the
analytical signal and is directly proportional to the concentration of analyte.
Generally, the flow conditions in measurements with amperometric detection decrease
the thickness of the diffusion boundary layer at the working electrode surface. This
results in an increase in the measured current.

The potential applied to the working electrode may be constant or it may be
applied in a pulsed mode. Typical potential waveforms used in amperometric

detection are illustrated in Figure 2.14.

Potential
N

> Time

Figure 2.14 A typical waveform in amperometry.
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2.3.5 Working electrode

The performance of the voltammetric procedure is strongly influenced by the
material of the working electrode. The working electrode should provide high signal-
to-noise ratios, as well as reproducible responses. Thus, its selection depends
primarily on the redox behavior of the target analyte and the background current over
the potential region required for the measurement. Other considerations include the
potential, electrical conductivity, surface reproducibility, mechanical properties, cost,
availability, and toxicity of the material. A range of materials has been applied as
working electrodes for electroanalysis. The most popular materials are those
involving mercury, carbon, and noble metals. This research will focus primarily on
electrodes constructed from carbon.

Carbon exists in various conductive forms and its electron transfer kinetics
depend on structure and surface preparation. Electrochemical reactions at carbon are
normally slower than those of metallic electrode. Carbon is the most commonly used
electrode material in electroanalytical chemistry and it is available in a variety of
microstructures, including graphite, glassy carbon, carbon fiber, nanotubes,
amorphous powders, and diamond. All of these structures are sp® carbons, except the

. . . 3
diamond electrode, which contains sp” carbons.

2.3.5.1 Boron-doped diamond (BDD) [54-58]

Electrically conducting diamond is a new type of carbon electrode material
that is beginning to find widespread use in electroanalysis. The material possesses
superior properties over other forms of carbon, including (i) low and stable
background current over a wide potential range, (ii) wide working potential window
in aqueous media, (iii) weak molecular adsorption, (iv) dimensional stability and high
corrosion resistance, (v) optical transparency, and (vi) relatively rapid electron
transfer kinetics for several redox systems without conventional pretreatment. The
material is now available from several commercial sources and is not overly
expensive, as commonly perceived. Figure 2.15 is a comparison of the cyclic
voltammetric current versus potential curves for boron-doped diamond thin film,

glassy carbon, and Hg electrodes in 0.1 M H,SO4.



27

10

< 5+ Glassy carbon
E s |
& Diamond
= 4
O 5 { |
5 B Hg electrode

=4 T I ! H

—1 0 1 2

Voltage (V vs. SCE)

Figure 2.15 Cyclic voltammetric for diamond in 0.1 M H;SOs. The range of

potential windows for glassy carbon and Hg electrodes is shown for comparison.

Boron is by far the most widely used dopant to produce conducting diamond
electrodes. This is because boron has a low charge carrier activation energy of 0.37
eV and boron doping leads to a p-type semiconductor. At low doping levels, the
diamond acts as an extrinsic semiconductor, while at high doping levels, the material
acts as a semimetal. To introduce boron into the diamond material during film
growth, the boron-containing substance has to be added to the deposition gas mixture.
Compounds such as diborane or trimethyl borane can be used for this purpose. The
boron atoms substitute in place of some of the carbon atoms during film growth.
Boron-doped diamond electrodes with resistivities between 5 and 100 mQ-cm are
usually produced from this process. Typical and useful boron concentrations in
diamond are between 500 ppm and about 10,000 ppm, or 10"’ — 10*' atoms cm™. An

SEM image of boron-doped crystalline diamond is shown in Figure 2.16.
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Figure 2.16 SEM image of a boron-doped crystalline diamond.

The most common method for CV other than using boron dopants is
microwave plasma CVD because of the commercial availability of such reactor
systems. While the mechanisms of film growth are some what different among each
method, all of them serve to activate a carbonaceous source gas to produce a growth
precursor in close proximity to the substrate surface. A typical CVD reactor consists
of the growth chamber and equipment associated with the particular activation
method (e.g., microwave power source), as well as various accessories, such as mass
flow controllers for regulating the source gases, a throttle exhaust value and controller
for regulating the system pressure, a pumping system, temperature measurement
capability, and a gas handling system for supplying the source gases. A block
diagram of a typical CVD system is shown in Figure 2.17.
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Figure 2.17 Block diagram of a typical microwave plasma CVD reactor.

In the case of microwave assisted CVD, the microwave energy from the
generator is pointed to, and focused within, a quartz cavity to produce a spherically
shaped, glow-discharge plasma directly above the substrate. The substrate can be
positioned either outside of (a few mm), or immersed within the intense discharge
region. The plasma is where the reactive species involved in the diamond growth are
formed. The key deposition parameters are the source gas composition, microwave

power, system pressure, and substrate temperature.

2.3.6 Flow Cell for Electrochemistry [59]

A typical thin-layer amperometric flow cell is shown in Figure 2.18. A gasket
held between a stainless-steel block and a polymeric block defines the thin-layer
channel. The stainless-steel block is the auxiliary electrode and provides a
compartment for the reference electrode, while the polymeric block contains the
working electrode. This design and, in fact, nearly all cell designs, incorporate
working, auxiliary, and reference electrodes. The potential selected by the user is
applied between the reference and working electrodes while the current is passed
between the auxiliary and working electrodes. Detection occurs at the working

electrode in the thin-layer region. Electrodes of the same or different materials may
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be interchanged by simply swapping the working electrode half of the thin-layer cell.
Carbon pastes, glassy carbon, mercury on gold, platinum, and silver have all been
used for this purpose. This design allows easy collection of solute bands without
appreciable dispersion. The cell volume can also be reduced to less than 300 nL for

microbore LC by simple gasket changes.

Figure 2.18 Schematic diagram of a thin-layer amperometric flow cell.

2.4 Sample Preparation [60]

Sample preparation is a technique used to clean-up a sample before analyzing
and/or to concentrate a sample to improve its detection. The most important problem
in analysis is interferences that lead to low sensitivity. Therefore, sample preparation
is usually needed to eliminate interferences and to increase the sensitivity. Most
samples consist of two distinct parts, the analytes and the matrix. The analytes are the
compounds of interest that must be analyzed, while the matrix is the remainder of the
sample that does not require analysis. Sample preparation may include dissolving the

sample, extracting analyte from a complex matrix, concentrating a dilute analyte to a



31

level that can be measured, chemically converting analyte into a detectable from, or
removing interfering species. The purpose of sample preparation is to have a
processed sample that leads to better analytical results compared to those of the initial

sample.

2.4.1 Solid-Phase Extraction (SPE) [61,62]

Solid-phase extraction is a technique for sample preparation that concentrates
and purifies analytes from solution by sorption onto a disposable solid phase
cartridge, followed by elution of the analyte with an appropriate solvent for analysis.
A typical solid-phase cartridge is shown in Figure 2.19. SPE techniques have been
developed to replace the traditional liquid-liquid extraction methods.  The
mechanisms of retention include reversed phase, normal phase, and ion exchange.
SPE techniques provided a way to perform sample preparation quickly with less
solvent and to isolate analytes from large volumes of samples with minimal or no

evaporation losses, all while providing good, reproducible results.

Figure 2.19 Anatomy of a SPE cartridge.
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2.4.1.1 Mode of solid-phase extraction [49,51]

2.4.1.1.1 Reversed phase

The interested analytes in this phase are usually moderate to non-polar. The
hydrophobic interactions referred to here are non-polar interactions, van-der Waals, or
dispersion forces. A secondary interaction between silica and analyte can occur and
end capping is useful for reduction of these interactions. However, secondary
interactions may be useful in the extraction of highly polar compounds or matrices, as
reversed-phase sorbents are packed with more hydrophobic material. The aqueous
sample is commonly analyzed by reversed phase SPE. The reversed phase sorbents
are non-polar functionalized such as C-18, C-8, C-2, cyclohexyl and phenyl functional

groups and bonded to the silica or polymeric sorbent.

2.4.1.1.2 Normal phase

Normal phase SPE refers to the sorption of an analyte by a polar surface and is
a standard type of separation. The mechanism for normal phase is polar interactions
through hydrogen bonding, dipole-dipole interaction, m-m interaction or induced
dipole-dipole interactions. Polar-functionalized bonded silica (LC-CN, LC-NH,, and
LC-Alumina) is typically used in normal phase conditions. For example, the silica
base is extremely hydrophilic, so this material adsorbs polar compounds from the
non-polar matrix and elutes compounds with a more polar organic solvent than the

original sample matrix.

2.4.1.1.3 Ion exchange

Ion exchange can be used for compounds that are charged in solution.
Hydrophobic ion exchange is capable of exchanging both cations and anions with free
cation or anion functional groups. Strong cation-exchange sorbents consist of
interaction sites, like sulfonic acid groups, and weak cation-exchange sites, like
carboxylic acid groups. Strong anion-exchange sorbents are quaternary, primary, and
secondary amines, while tertiary amines are used for weak ion exchange. The

secondary non-polar interaction with non-polar portions can be provided. A decrease
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in the balance of pH, ionic strength, and organic content may be necessary for elution
of the analyte of interest from these sorbents. While the strong sites are always shown
as an exchange site at any pH, weak sites are present only at pH levels greater or less
than the pKa. This method has found many applications in natural products, protein,

and cellulose analysis, in addition to trace analyte enrichment.

2.4.1.1.4 Mixed mode

The deliberate use of two different functional groups on the same sorbent is
called “mixed-mode SPE”. These sorbents are useful for complex samples that differ
in polarity and ionization. Mixed-mode sorbents contain co-bonded ion exchange and
alkyl group materials. Two different functional groups eliminate the need for a
complex sample matrix. The initial hydrophobic interaction is a function of the chain
length, with shorter chains (C-4) being retained less than longer chains (C-18). An
example of a mixed-mode is shown in Figure 2.20, with reversed phase (hydrocarbon)

and cation-exchange sites of the sorbent (amino functional group) drawn.

Figure 2.20 Mixed-mode SPE.

Currently, Oasis HLB cartridges are very interesting for sample preparation.
This material is a hydrophilic-lipophilic balanced sorbent in SPE that is composed of
two monomers (N-vinylpyrrolidone and divinylbenzene). This material has exhibited
excellent retention capacity for a wide polarity of analytes. Figure 2.21 shows the

structure of the packing material in Oasis HLB cartridges.
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Figure 2.21 Structure of packing material in Oasis HLB cartridges.

2.4.1.2 Steps of solid phase extraction [63]

The SPE process can be divided into four main steps: (1) conditioning, (2)

loading, (3) washing, and (4) eluting, illustrated in Figure 2.22.

Step 1, the conditioning step, is the first for the solid-phase sorbent. Before
loading of any analytes by the stationary phase can begin, the sorbent bed must be
prepared and made compatible with the liquid solution. This simply means that a
solvent is passed through the sorbent to wet the packing material and to solvate the
functional groups of the sorbent. Furthermore, the air present in the column is
removed and the void spaces are filled with solvent. Typically, the conditioning
solvent is methanol, which is then followed by water or an aqueous buffer. Following
the methanol with by water or buffer activates the column in order for the sorption
mechanism to work properly for aqueous samples. Care must be taken not to allow
the bonded-silica packing or the polymeric sorbent to go dry. In fact, if the sorbent
dries for more than several minutes under vacuum, the sorbent must be reconditioned.
If it is not reconditioned, the mechanism of sorption will not work effectively and

analyte recoveries will be poor.
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In step 2, the sample and analyte are applied to the column, which is called the
retention or loading step. Depending on the type of sample, from 1 mL to 1 L of
sample may be applied to the column, either by gravity feed, pumping, aspiration by
vacuum, or by an automated system. It is important that the mechanism of retention
holds the analyte on the column while the sample is added. The mechanisms of
retention include van der Waals interactions (also called non-polar, hydrophobic,
partitioning, or reversed-phase), hydrogen bonding, dipole-dipole forces, size
exclusion, and cation and anion exchange. This retention step is the digital step, or
“on/off mechanism”, of solid-phase extraction. During this retention step, the analyte
is concentrated on the sorbent. Some of the matrix components may also be retained

and others may pass through, which affords some purification of the analyte.

Step 3, the washing step, is used to rinse the column of interfering materials
and to retain the analyte. The rinse will remove the sample matrix from the interstitial
spaces of the column while retaining the analyte. If the sample matrix is aqueous, an
aqueous buffer or a water-organic-solvent mixture may be used. If the sample is

dissolved in an organic solvent, the rinse solvent could be the same solvent.

Step 4, the last step, is elution of the analyte from the sorbent with an
appropriate solvent that is specifically chosen to disrupt the analyte-sorbent
interaction, resulting in elution of the analyte. The eluting solvent should remove as
little as possible of the other substances sorbed on the column. This is the basic
method of solid-phase extraction, but there is an alternative method where the
interference is sorbed and the analytes pass through the column. The analyte is then

collected and assayed directly after elution.



Figure 2.22 The-steps of solid-phase extraction.
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CHAPTER III

EXPERIMENTAL

3.1 Chemical and Reagents

3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6
3.1.7
3.1.8
3.1.9
3.1.10
3.1.11
3.1.12
3.1.13
3.1.14
3.1.15
3.1.16
3.1.17

Sulfadiazine (Sigma-Aldrich)

Sulfadimethoxine (Sigma-Aldrich)

Sulfaguanidine (ICN Biomedical Inc)
Sulfamethazine (Sigma-Aldrich)

Sulfamethoxazole (Sigma-Aldrich)
Sulfamonomethoxine (Sigma-Aldrich)
Sulfaquinoxaline (Sigma-Aldrich)

Potassium dihydrogen orthophosphate (BDH)
di-sodium hydrogen phosphate dihydrate (Merck)
Citric acid (Carlo Erba)

Sodium hydroxide (Merck)
Ethylenediaminetetraacetic acid disodium salt dehydrate (Sigma-Aldrich)
Ethanol (HPLC Grade, Merck)

Methanol (HPLC Grade, Merck)

Acetonitrile (HPLC Grade, Merck)

ortho-phosphoric acid 85% (Merck)

A standard buffer solution pH 4 and pH 7 (Metrohm)

3.2 Instruments and Equipment

3.2.1
322
3.23
3.24
3.2.5

3.2.6

Autolab potentiostat 100 (Eco-chemic, Netherland)

CHI1232A (CH Instrument, USA)

HPLC compact pump model 2250 (Bischoff, Germany)

Eight port selection valve (Hamillton, Nevada, USA)

Six port switching valve (Rheodyne MXT 715-000, USA) with a 34 uL
loop (PTFE tubing, 0.5 mm. i.d.)

Syringe pump (Hamillton, Nevada, USA)



3.2.7

3.2.8

3.2.9

3.2.10
3.2.11
3.2.12
3.2.13

3.2.14
3.2.15

3.2.16
3.2.17

3.2.18
3.2.19
3.2.20
3.2.21
3.2.22
3.2.23
3.2.24
3.2.25
3.2.26
3.2.27
3.2.28
3.2.29
3.2.30
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RP-18e monolithic column silica base Chromolith® Performance (100 mm
x 4.6 mm i.d., Merck)

RP-18e monolithic column silica base Chromolith® guard cartridge kit
(5§ mm x 4.6 mm i.d., Merck)

Electrochemical flow cell (Bioanalytical System Inc., USA)

Teflon cell gasket (Bioanalytical System Inc.)

PEEK tubing (0.25 mm. i.d.) and connecting (Upchurch)

Teflon tubing (1/10 inch i.d., Upchurch)

Silver/silver chloride (Ag/AgCl) electrode (Bioanalytical System Inc.,
USA)

Platinum wire (Bioanalytical System Inc., USA)

Boron-doped diamond (BDD) electrode (Toyo Kohan Co., Ltd.,

Japan)

Oasis HLB SPE cartridges 200 mg, 6 mL (Water, USA)

Mobile phase filter set included 300 mL glass reservoir, glass membrane
holder, 1000 mL flask and metal clip (Millipore, USA)

Milli Q water system (Millipore, USA, R > 18.2 MQcm)

pH meter (Metrohm 744 pH meter, Metrohm, Switzerland)

Analytical balance (Mettler AT 200, Mettler, Switzerland)

Ultrasonic bath (ULTRAsonik 28H, ESP Chemicals, Inc., USA)
Centrifuge (Beckman Coulter, USA)

Vortex mixer (Mixer Uzusio LMS. Co. Ltd., Japan)

Autopipette and tips (Eppendorf, Germany)

Filters membrane (0.2 uM, 47 mm, Whatman)

Nylon Syringe filters (0.45 pm, 13 mm, ChroMex)

Nylon Syringe filters (0.20 pm, 13 mm, ChroMex)

Vacuum pump (GAST, USA)

Beaker 10, 25, 50, 100, 250, 500 and 1,000 mL

Volumetric flask 5,10, 25, 50, 500 and 1,000 mL
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3.3 Preparation of solutions

3.3.1 Preparation of solution in Cyclic Voltammetry

3.3.1.1 Standard Stock Solutions

Each standard stock solution (10 mM) of seven sulfonamides was prepared by
weighing SQ 0.032 g, SDM 0.031 g, SDZ 0.025 g, SG 0.021 g, SMM 0.028 g, SMX
0.025 g and SMZ 0.028 g, dissolved each sulfonamides with acetonitrile: Milli Q
water (50: 50; v/v), and then transferred each sulfonamides into 10.00 mL volumetric
flask. All of the standard solution were stored at 4 °C in amber glass and protected

from the light.

3.3.1.2 Supporting Electrolyte

The phosphate buffer solution at pH 3 was prepared by dissolving potassium
dihydrogen phosphate 0.8982 g with 100 mL of Milli-Q water and then transferred
into a 100 mL volumetric flask. The pH was adjusted with phosphoric acid and 0.1 M

sodium hydroxide.

3.3.1.3 Working Standard Solution

The volume of electrochemical cell for cyclic voltammetry is 3 mL. The
concentrations were prepared by pipetting of each standard stock solution 10 mM into
electrochemical cell and adjusted to 3 mL with supporting electrolyte. The

concentration and volumes required for preparations are shown in Table 3.1.
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Table 3.1 Composition of each concentration for seven sulfonamides in

electrochemical cell for cyclic voltammetry.

Final concentration of Volume of Volume of
each sulfonamide stock solution supporting electrolyte
standard solution (mM) (nL) (nL)
0.10 30 2,970
0.25 75 2,925
0.50 150 2,850
0.75 225 2,775
1.00 300 2,700

3.3.2 Preparation of solution for HPLC-EC

3.3.2.1 Standard Stock Solution

A standard stock solution (500 pg mL™) of each sulfonamide was prepared by
dissolving 5 mg of sulfonamide with acetonitrile: Milli Q water (50: 50; v/v) in 10.00

mL volumetric flask and stored at 4 °C in the dark.

A standard stock solution of seven sulfonamides mixture (500 pg mL™") was
prepared by dissolving 5 mg of SQ, SDM, SDZ, SG, SMM, SMX and SMZ with
acetonitrile: Milli Q water (50: 50; v/v) in 10.00 mL volumetric flask and stored at
4 °C in the dark.

The mixed working standard solution was prepared by dilution of the standard

stock solution with the mobile phase.

3.3.2.2 Mobile phase

0.05 M phosphate buffer solution (pH 3) was prepared daily by dissolving 6.8
g of potassium dihydrogen phosphate in 1,000 mL volumetric flask with Milli Q
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water and adjusted pH by phosphoric acid. The mobile phase for HPLC consisted of
the phosphate buffer solution, acetonitrile and ethanol in the ratio of 80: 15: 5 (v/v/v).
All solutions and solvents were filtered through 0.45 pm Nylon membranes and

degassed by ultrasonic bath.

3.3.3 Preparation of solution for Sample Preparation

3.3.3.1 Na,EDTA-Macllvaine’s Buffer Solution

Na,EDTA-Macllvaine’s buffer was the extraction solution. The Na,EDTA-
Macllvaine’s buffer pH 4 was prepared by weighing of 1.352 g citric acid, 1.302 g
disodium hydrogen phosphate dehydrate and 0.372 g ethylenediaminetetraacetic acid
disodium salt dehydrate, dissolved with Milli Q water. After that the mixture was

transferred into 100 mL volumetric flask.

3.3.4 Preparation of SPE column

Polytetrafluoroethylene (PTFE) tubing (40 mm in length x 1.59 mm in inner
diameter) was used as column blanks for a homemade cylinder microcolumn SPE.
The cylinder microcolumn were prepared by filling 60 mg of Oasis HLB (particle size
30 um) into the PEEK tubing, as above, using the wet packing method. The slurry
was prepared from 1 g of Oasis HLB in 3 mL of methanol. To avoid loss of Oasis
HLB when the sample solution passes through the cylinder microcolumn,
polyethylene frits was placed at both of ends of the microcolumn. The preparation of
SPE microcolumn is shown in Figure 3.1. The microcolumn SPE was used for the

sample clean-up and extraction of sulfonamides in solution.
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Figure 3.1 The preparation of SPE microcolumn.

3.3.5 Preparation of Sample

The real samples were fresh shrimp in local supermarket. One gram of a
homogeneous shrimp sample was placed in a 15 mL amber glass bottle, and 5 mL of
Na,EDTA-Mcllvaine’s buffer solution was added into the bottle. The mixture was
well mixed on a vortex mixer for 5 min at high speed. After that, the mixture was
placed in an ultrasonic water bath for 10 min following centrifugation at 20,000 rpm
for 10 min. The collected supernatant was cleaned up and extracted with automated
on-line SPE microcolumn. Prior to load supernatant into SPE microcolum, they were

filtered through a 0.20 um Nylon membrane filter.

3.4 Procedure

3.4.1 Cyclic Voltammetry

Cyclic voltammetric investigations of the electrochemical behaviors of seven

sulfonamides were studied in a electrochemical cell, with a volume of 3 mL. The
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cyclic voltammetry measurements were performed in a single-compartment, three-
electrode glass cell as illustrated in Figure 3.2. An Ag/AgCl with a salt bridge, a
platinum wire and a BDD electrode were used as the reference electrode, the counter
electrode and the working electrode, respectively. The BDD electrode was pressed at
the bottom of the cell, and isolated by placing the backside of the Si substrate onto a
brass plate. The BDD electrode was sonicated with Milli Q water prior to use. The
electrochemical equipment was housed in a faradaic cage to reduce electronic noise.

The voltammograms were recorded using an autolab potentiostat 100.

Figure 3.2 The electrochemical cell for cyclic voltammetry experiment.
3.4.1.1 The Scan Rate Dependence Study

The effect of the scan rate on the electrochemical behaviors of sulfonamides
was investigated by variation of the scan rate in cyclic voltammetry. The solutions of
0.5 mM SQ, SDM, SDZ, SG, SMM, SMX and SMZ in 0.05 mM phosphate buffer
solution (pH 3) were prepared. The potential was scanned from 0.5-1.4 V at the scan
rate of 10, 25, 100, 150 and 200 mV s'. The peak currents obtained from cyclic
voltammogram at each scan rate were plotted as a function of the square root of the

scan rate.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Cyclic Voltammetric Investigation

The electrooxidation of seven SAs was investigated by cyclic voltammetry.
This technique was used to study the electrochemical characteristics of SQ, SDM,
SDZ, SG, SMM, SMX, and SMZ. A platinum wire as the counter electrode, Ag/Agcl
as the reference electrode and BDD as the working electrode were all used for cyclic
voltammetry in this report. The cyclic voltammograms for 0.1 mM standard solutions
of SQ, SDM, SDZ, SG, SMM, SMX, and SMZ in phosphate buffer solution (pH3) are
shown in Figure 4.1. The reaction obtained was observed on the positive scan from
0.5 to 1.4 V versus Ag/AgCl at a scan rate of 50 mV s”. The potential of seven

sulfonamides are shown in Table 4.1.



51

o 4
=3 SDM E _ ;1 SQ
=<2 = iz %
== 1 /'/::;:/ ==
S 0 T T T T  Q 0 ; :
05 07 0.9 11 13 15 0.5 0.7 09 11 13 15
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
- 4 4 SG
= SDZ s 3
== =<t
B =1 = =
=— e =1 k
o (0 T T T T ) 0 ‘ ‘ : ‘ ‘
0.5 07 09 L1 13 L5 05 07 09 L1 13 15
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
=, SMM = 1 Mz
—= 2= )
= S i o
© 0 ' T T © 0 T T T T ]
05 0.7 0.9 11 13 15 05 07 09 11 13 5
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
=< SMX
= 28
= 18-
L
=08
=]
L 0 = T T 1
0.5 0.7 0.9 1.1 1.3 15

Potential (V vs Ag/AgCl)

Figure 4.1 Cyclic voltammograms for 0.1 mM standard solutions of SQ, SDM, SDZ,

SG, SMM, SMX, and SMZ in phosphate buffer solution (pH 3) at a BDD electrode.
The scan rate was 50 mV s™.
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Table 4.1 Potentials of 0.1 mM SAs in 0.05 M phosphate solution (pH 3) with a scan

rate of 50 mV s™ at a BDD electrode.

Sulfonamide Potential of SAs

(V vs. Ag/AgCl)
Sulfaquinoxaline (SQ) 1.135
Sulfadimethoxine (SDM) 1.068
Sulfadiazine (SDZ) 1.044
Sulfaguanidine (SG) 1.019
Sulfamethazine (SMM) 1.046
Sulfamethoxazole (SMX) 1.129
Sulfamethazine (SMZ) 0.998

4.1.1 Scan Rate Dependence Study

The effect of the scan rate on the electrochemical behaviors of SG, SDZ,

SMZ, SMM, SMX, SDM, and SQ were investigated by variation of the scan rate from

10 to 200 mV s™. The relationship between the current responses versus the square

root of the scan rate (v'’?) was highly linear (R? >0.99) for the seven SAs, as shown in

the insets of Figures 4.2 through 4.8, respectively. It can be seen that the current

response is directly proportional to the square root of the scan rate.

From these

results, it can be concluded that the diffusion process controls the transportation of

these analytes.
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Figure 4.2 Cyclic voltammograms for 0.5 mM SG in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s™. Inset
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Figure 4.3 Cyclic voltammograms for 0.5 mM SDZ in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s”. Inset
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Figure 4.4 Cyclic voltammograms for 0.5 mM SMZ in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s. Inset

shows the relationship of the current response versus the square root of the scan rate
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Figure 4.5 Cyclic voltammograms for 0.5 mM SMM in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s”. Inset

shows the relationship of the current response versus the square root of the scan rate
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Figure 4.6 Cyclic voltammograms for 0.5 mM SMX in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s. Inset

shows the relationship of the current response versus the square root of the scan rate
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Figure 4.7 Cyclic voltammograms for 0.5 mM SDM in phosphate buffer solution
(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s. Inset

shows the relationship of the current response versus the square root of the scan rate
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Figure 4.8 Cyclic voltammograms for 0.5 mM SQ in phosphate buffer solution

(pH 3) at a BDD electrode. The scan rate was varied from 10 to 200 mV s. Inset

shows the relationship of the current response versus the square root of the scan rate
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4.1.2 Concentration Dependence Study

The relation between voltammetric responses and the concentration of SG,
SDZ, SMZ, SMM, SMX, SDM, and SQ were investigated by varying the
concentrations of these analytes from 0.1 to 1 mM. The results are shown in Figures
4.9 through 4.15. It was found from this study that the peak current increased with
increasing concentrations of the seven SAs. The peak current was linearly
proportional to the concentration ranging from 0.1 to 1 mM. Linear regression

analysis of these data yielded a R? >0.99.
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Figure 4.9 Cyclic voltammograms of SG in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.10 Cyclic voltammograms of SDZ in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.11 Cyclic voltammograms of SMZ in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.12 Cyclic voltammograms of SMM in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.13 Cyclic voltammograms of SMX in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.14 Cyclic voltammograms of SDM in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.
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Figure 4.15 Cyclic voltammograms of SQ in phosphate buffer solution (pH 3) at a
BDD electrode. The concentration was increased from 0.1 to 1 mM. Inset shows the

relationship of the current response against the concentration.

4.2 Optimal Conditions of HPLC-EC

The conditions for HPLC-EC analysis of seven SAs was investigated from
previously published results [64]. The optimal conditions (Table 3.3) were applied to
the separation of SG, SDZ, SMZ, SMM, SMX, SDM, and SQ. The analysis time for
separation was less than 10 min in all cases. Figure 4.16 shows the chromatogram for
the separation of a standard solution of the seven SAs studied in this report. The
retention times for SG, SDZ, SMZ, SMM, SMX, SDM, and SQ were 2.73, 3.11, 3.67,
4.46, 5.26, 8.52 and 9.33 min, respectively.



67

g
1.5 N

-~ 2

3

< 1 >: ¢

S

= 05 | 2 ¢

=

U O I I I I I I I I I |

0O 1 2 3 4 5 6 7 8 9 10 11 12
Time (min)

Figure 4.16 HPLC-EC chromatogram of a 10 pg mL™ mixture of seven standard SAs
separated on a monolithic column at a flow rate of 1.5 mL min". The detection

potential was 1.2 V vs. Ag/AgCl using a BDD electrode.

4.3 On-line SPE-HPLC-EC
4.3.1 Effect of eluent

The optimal ratio of eluent (methanol) to mobile phase (phosphate buffer:
acetonitrile: ethanol) was studied across 50:50, 60:40, 70:30, 80:20, 90:10, and 100:0
(v/v) ratios. The peak areas for seven sulfonamides were found to increase with
increasing methanol ratio. A compromise between good resolution and high
sensitivity, an eluent of 100% methanol was selected, because this condition can be
used to separate seven sulfonamides. Moreover, the sensitivity of SDM and SQ are

higher than those obtained from other conditions, as shown in Figure 4.17.



68

2_ v 1 v 1 1 v 1 i
S S £ 3
0 2 1 N 1 1 N 1
2+ i
IQJMLM © I
0 N 1 N 1 N 1 1 1
~ 2r ]
gl;&h\ d :
\./0' p
§2- -
= 1r C ]
UO N 1 N 1 N 1 1 1
2+ i
IM b ]
0 N 1 N 1 N 1 1 1
2 - i
1 | a -
0_ N 1 N 1 N 1 1 1
0 5 10 15 20

Time (min)

Figure 4.17 HPLC chromatograms of sulfonamides (10 pg mL™) at different ratios of
eluent and mobile phase. (a) methanol, (b) methanol: mobile phase 90:10, (c) 80:20,
(d) 70:30, (e) 60:40, (f) 50:50.

4.3.2 Effects of sample loading and elution rate

The flow rate will influence on the retention of sulfonamides on the SPE
column. The sample loading and elution rate was studied at 8, 9, 10, and 11 puL s
Figure 4.18 shows that the peak current of the seven sulfonamides increase when the
sample loading and elution rate increase up to 10 pL s™'. The peak current decrease
when the sample loading and elution rate is higher than 10 pL s because the high
flow rate effects on the interaction between analyte and sorbent in SPE column.
Therefore, the band broadening occur at the lower flow rate. Furthermore, the

resolution of the seven sulfonamides was not affected by changing the flow rate.
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Therefore, the sample loading and elution rate of 10 pL s was selected as optimal

value.
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Figure 4.18 HPLC chromatograms of seven sulfonamides (10 pg mL™); (1)
sulfaguanidine, (2) sulfadiazine, (3) sulfamethazine, (4) sulfamonomethoxine, (5)
sulfamethoxazole, (6) sulfadimethoxine, (7) sulfaquinoxaline at different sample
loading flow rates and eluting flow rates. (a) 11 pL s, (b) 10 puL s, (©)9 puL s, (d)
8uLs”.
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4.3.3 Effect of eluate zone

The effect of the eluate zone was also studied at 20-24, 25-29, and 30-34 s.
The results are shown in Figure 4.19, where elution zone is represented by elution
time. Elution time was calculated from the start to the stop of the elution step. It was
found that peak current for the seven sulfonamides decreased with increasing of the

elution time. Hence, the optimal condition selected was 20-24 s for the following

experiment.

0.6

Current (uA)

Time (min)

Figure 4.19 HPLC chromatograms of sulfonamides at different zones of eluate. (a) a

zone of eluate at time 20-24 s, (b) a zone of eluate at time 25-29 s, (c) a zone of eluate

at time 30-34 s.
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4.3.4 Calibration and linearity

From the determined optimal conditions, the calibration of the peak areas
against concentrations was plotted. The linearities for all of the SAs were within a
range between 0.01 to 10 pg mL™. These calibration curves of the seven SAs are
shown in Figure 4.20. Each point of the calibration graph corresponds to the mean
value from three replicate injections. The slope and y-axis intercept, together with the

coefficient of each SA, are shown in Table 4.2.

Table 4.2 Linearity, limit of detection and limit of quantitation of SAs of this method

Analyte Linearity Slope Intercept R
(ng/mL) (peak area (nA)
units /ppm)

SG 0.01-8 0.5277 0.1085 0.9943
SDZ 0.01-8 7.6757 0.0403 0.9982
SMZ 0.01-8 6.5834 0.0769 0.999
SMM 0.01-8 5.2178 0.3764 0.9965
SMX 0.01-8 2.4536 0.0679 0.9994
SDM 0.1-8 2.397 0.2668 0.9957

SQ 0.1-8 0.8786 0.0419 0.9997
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Figure 4.20 Linearity of seven standard SAs by HPLC-EC using a BDD electrode.
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4.3.5 LOD and LOQ

The detection limit was investigated by examining various concentrations of
SAs from 0.01 to 10 pg mL™". The LOD is defined as the concentration that provides
a signal-to-noise ratio of 3 (3S/B). The LOQ was determined under the definition of
being ten times the signal-to-noise ratio (10S/B). The slope of the linearity was

obtained from Table 4.2 and the LOD and LOQ are summarized in Table 4.3.

Table 4.3 LOD and LOQ of seven standard SAs.

Analyte LOD LOQ
(ng mL™) (ng mL™")

Sulfaguanidine 11.2 33.6
Sulfadiazine 1.2 4.0
Sulfamethazine 1.3 4.2
Sulfamonomethoxine 1.5 5.0
Sulfamethoxazole 2.9 9.8
Sulfadimethoxine 3.1 10.3
Sulfaquinoxaline 7.4 24.6

4.4 Application to Real Samples

The optimal conditions for on-line SPE-HPLC-EC were applied to the
determination of SG, SDZ, SMZ, SMM, SMX, SDM, and SQ in shrimp. The
Na,EDTA-Macllvaine’s buffer solution (pH4) was used to extract SAs from shrimp
and an Oasis HLB SPE cartridge was used to clean-up the sample.

4.4.1 Determination of SAs in shrimp

To estimate the applicability of the proposed method, shrimp samples from
local supermarkets were investigated by the method of standard addition. The typical
chromatogram of a blank shrimp extract and a shrimp extract spiked at 6 pg mL™" are
illustrated in Figure 4.21. This method can be used to determine SMZ, SMM, SMX,
SDM, and SQ, but SG and SDZ overlapped with interfering compound. This

observation could be explained by the fact that protein and lipid content in the shrimp
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were very high despite the use of Na,EDTA-Macllvaine’s buffer solution and SPE for

sample preparation.
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Figure 4.21 On-line SPE-HPLC-EC chromatogram of (A) a shrimp sample spiked
with 6 pg mL" of a standard mixture of seven SAs; (B) a blank shrimp sample
separated on a monolithic column at a flow rate 1.5 mL min™. The detection potential

was 1.2 V vs. Ag/AgCl using a BDD electrode.
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4.4.2 Accuracy and Precision

The accuracy of the method presented here was calculated from the percent
recovery of spiked blank shrimp at 2, 4 and 6 pg mL™. These three concentrations of
SAs were representative of the low, medium, and high levels investigated. The
precision of the method was calculated by determining the relative standard deviation
of the repeated injections of solution containing the complete set of standard
compounds. To appraise the repeatability of the analytical process, three
concentrations (2, 4 and 6 pg mL™") were studied. The results of intra-day analysis
were obtained and repeated in one day. The results of inter-day analysis were
obtained and repeatedly analyzed on three different days. The intra- and intra-day
precision and recovery of the method are shown in Table 4.4 and Table 4.5,
respectively. It was found that the average recoveries ranged from 74.7 — 110.5 %
for shrimp. The results obtained from these studies indicated that the method
developed in this research provided good accuracy and precision. The recovery and
%RSD values were acceptable according to the AOAC manual for the Peer Verified
Methods Program that recommended the acceptable recovery and %RSD values for

method development (in Appendix).
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Table 4.4 Intra-day precisions and recoveries of spiked level 2, 4, and 6 pg mL™".

Analyte | Spiked level Recovery of Intra-day (%)
-1
(ngmL") 1 2 3 | mean=SD* | RS.D
(%0)
SMZ 2 77.7 76.8 69.6 747+ 4.4 59
4 104.1 109.2 105.4 106.2 £2.7 2.5
6 99.8 97.5 102.8 100.0 £2.7 2.6
SMM 2 90.9 90.6 88.1 89.9+1.5 1.7
4 89.2 100.6 97.0 95.6+5.8 6.1
6 104.2 101.1 100.4 101.9£2.1 2.0
SMX 2 95.5 99.0 96.5 97.0+1.8 0.0
4 101.2 106.7 81.9 96.6 £13.0 0.1
6 103.3 108.8 104.5 105.5+£2.9 0.0
SDM 2 117.0 121.3 93.2 110.5+15.1 13.7
4 86.4 87.9 87.9 87.4+0.9 1.0
6 105.2 102.4 104.3 1039+ 1.4 1.4
SQ 2 85.9 86.0 75.5 82.5+6.1 7.4
4 104.1 99.4 103.5 102.4£2.6 2.5
6 94.7 100.0 105.6 100.1 £5.4 5.4

* mean of recovery (%) + standard deviation of triplicate measurements.



Table 4.5 Inter-day precisions and recoveries of spiked level 2, 4, and 6 pg mL™".
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Analyte | Spiked level Recovery of Inter-day (%)
-1

(ngmL%) 1 2 3 [ mean+SD* | RS.D

(%)

SMZ 2 83.7 93.1 74.7 83.8+9.2 10.9
4 98.5 76.4 106.2 | 93.7+15.5 16.5

6 81.8 97.7 100.0 93.2+9.9 10.6

SMM 2 107.2 112.1 89.9 103.1+11.7 | 11.3
4 81.1 76.8 95.6 84.5+9.9 11.6

6 93.1 120.5 101.9 | 1052+139 | 133

SMX 2 86.3 98.7 97.0 94.0£6.7 7.2
4 64.1 64.1 96.6 749+18.8 | 25.0

6 86.1 101.5 105.5 97.7+£10.2 | 104

SDM 2 84.7 108.6 110.5 [ 1013144 | 142
4 87.7 84.2 87.4 86.4+1.9 22

6 93.9 111.3 103.9 103.0 £ 8.7 8.5

SQ 2 113.9 104.8 82.5 1004 +£16.2 | 16.1
4 107.6 81.5 102.4 | 97.2+13.8 | 14.2

6 105.9 111.9 100.1 1059+5.9 5.6

* mean of recovery (%) + standard deviation of triplicate measurements.
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4.4.3 Comparison of Methods between HPLC-EC and HPLC-MS

The results of the proposed method were compared to those of HPLC-MS
from LCFA. Three shrimp samples (blank shrimp, shrimp spiked with SAs at 2 and 6
ug ¢') containing SAs were determined for comparison of the two methods. The

results obtained by both methods are shown in Table 4.6.

Table 4.6 Comparisons results of two methods in shrimp sample.

Concentration of SAs found *
Analyte
HPLC-EC HPLC-MS "

Blank shrimp
SMZ ND © ND ¢
SMM ND ¢ ND ¢
SMX ND © ND ¢
SDM ND ¢ ND ¢
SQ ND © ND ¢
Spiking at level 2 ng g'1
SMZ 1.49 £0.08 1.77+£0.10
SMM 1.79 £ 0.03 1.82+0.11
SMX 1.94 +£0.03 2.04+0.11
SDM 2.21£0.30 1.70 £ 0.09
SQ 1.65+0.12 1.49 +0.09
Spiking at level 6 pg g'1
SMZ 6.00+0.15 6.56 +0.18
SMM 6.11+0.12 6.30+0.18
SMX 6.33+0.17 6.61 £0.18
SDM 6.24 +0.09 6.02+0.17
SQ 6.00 +0.33 5.79+0.15

*Mean =+ standard deviation (n=3)
® Result of Laboratory Center for Food and Agricultural product Company Limited

(LCFA)
“Not detected




CHAPTER V

CONCLUSIONS

5.1 Conclusions

A new method, on-line solid phase extraction (SPE) coupled with sequential
injection analysis, was developed for the separation and determination of seven
sulfonamides (sulfaguanidine, sulfadiazine, sulfamethazine, sulfamonomethoxine,
sulfamethoxazole, sulfadimethoxine, and sulfaquinoxaline) in shrimp samples. The
investigation for electroanalysis started with cyclic voltammetry, which showed the
irreversible oxidation peak of seven SAs at a BDD electrode. A silica-based
monolithic column was used for the separation of sulfonamides because of its high
tolerance to organic solvents, which led to a longer lifetime, and low backpressure
relative to traditional columns. The methodology was applied to determine residual
concentration of the seven sulfonamides in shrimp using an Oasis HLB cartridge for
sample extraction. The optimal HPLC conditions were found to be a mobile phase of
0.05 M phosphate buffer (pH3): acetonitrile: ethanol in a ratio of 80: 15: 5 (v/v/v) on
a monolithic column at a flow rate of 1.5 mL min. The detection potential was 1.2 V

versus Ag/AgCl using a BDD electrode.

To obtain the optimal on-line SPE-HPLC-EC conditions, the ratio of methanol
to mobile phase for the eluent was 100:0, the flow rate of sample loading and elution
was 10 uL s'l, and the eluate zone was 20-24 s. From the validation of this method,
the linearity was found to be in the range of 0.01-8 pg mL™" for SG, SDZ, SMZ, SMM,
and SMX, and 0.1-8 pg mL" for SDM and SQ. The correlation coefficient of the
seven SAs were all greater than 0.99. The LOD and LOQ of this method were in the
range of 1.2-11.2 ng mL™" and 4.0-33.6 ng mL"', respectively. The recoveries of the
sulfonamides in spiked shrimp samples at 2, 4, and 6 pg g'1 were in the range of 74.7
to 110.5 %, with %RSD of intra-day recovery between 0.0 and 13.7 % and %RSD of
inter-day recovery between 2.2 and 25.0 %. The percentage recoveries and %RSDs

of the proposed method were acceptable according to AOAC International.
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This method was compared with HPLC-MS analysis from the Laboratory
Center for Food and Agricultural Products Company Limited (LCFA). The proposed
method could reduce sample preparation time and reagent consumption and also
enabled effective preconcentration and clean-up of the sample. The sensitivity
obtained for the seven sulfonamides from this method was high. The results showed
that this method was simple, rapid, and highly sensitive for the determination of

sulfonamides.

5.2 Suggestion for Further Work

In this work, the on-line SPE-HPLC-EC method was successfully applied to the
determination of sulfonamides in shrimp. Furthermore, this method can be applied to
the analysis of sulfonamides in other samples, such as animal feed, meat, and milk. In
addition, the determination of other antibiotics, such as tetracycline, nitrofuran, and

chloramphenicol could also be envisioned.
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Precision and Accuracy

Table A1 Acceptable RSD values according to AOAC International

&9

Analyte % Analyte ratio Unit RSD (%)
100 1 100% 1.3
10 10-1 10% 2.8
1 10-2 1% 2.7
0.1 10-3 0.1% 3.7
0.01 10-4 100 ppm 53
0.001 10-5 10 ppm 7.3
0.0001 10-6 1 ppm 11
0.00001 10-7 100 ppb 15
0.000001 10-8 10 ppb 21
0.0000001 10-9 1 ppb 30

Table A2 Acceptable recovery percentages as a function of the analyte concentration

Analyte % Analyte ratio Unit Mean recovery (%)
100 1 100% 98-102
10 10-1 10% 98-102
1 10-2 1% 97-103
0.1 10-3 0.1% 95-105
0.01 10-4 100 ppm 90-107
0.001 10-5 10 ppm 80-110
0.0001 10-6 1 ppm 80-110
0.00001 10-7 100 ppb 80-110
0.000001 10-8 10 ppb 60-115

0.0000001 10-9 1 ppb 40-120
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