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The electrochemical detection with flow injection (FI) system was developed for
the determination of iodide ion in egg samples. The oxidation potential of iodide was
investigated using cyelic voltammetry (CV) in 60 mM phosphate buffer (pH 5). The
experiments were compared between using boron-doped diamond (BDD) and using glassy
carbon electrodes (GC). It was found that both electrodes provided well-defined cyclic
voltammograms. However, the background current of BDD electrode was much lower
than the background current of GC electrode. The BDD electrode was selected as working
electrode for this work. The pulsed potential waveform was also studied and applied with
flow injection amperometric detection in order to improve the stability of the signal that
might affected by the adsorption of electrochemical species at the electrode surface. The
optimized pulsed potential waveform parameters were 0.8 V detection potential; 30 msec
delay time; 30 msec integration time; 1.2 V oxidation potential, 700 msec oxidation time;
1.1 V reduction potential; and 30 msec reduction time. The FI-PAD-BDD was carried out
in 60 mM phosphate buffer pH 5 at flow rate of 1 ml/min. The method was evaluated with
standard iodide. The linear dynamic range was 50 to 2000 pg/L. The limit of detection
and the limit of quantitation were 5.4 pg/L and 16.5 pg/L, respectively. The recovery was
114% with 6% RSD. The method was intended to apply for determination of iodide in egg
sample after alkali dry ashing; however, there was a problem with the incompatibility of
the matrix to the electrochemical system. Alternatively, microdialysis sampling was
attempted in order to retrieve iodide ion from egg samples. The preliminary results of
iodide in egg samples obtained from both microdialysis with FI-PAD-BDD method (1.06
pg/g of egg with 6%RSD) and alkali dry ashing with catalytic colorimetric method (1.11
pg/g of egg with 0.1%RSD) were comparable.
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CHAPTER I

INTRODUCTION

lodine is an essential micronutrient. In food, iodine is present in the forms of
iodide salts or iodate salts. lodine is one of key components of thyroid hormones that
play an important role in the development of brain function, cell growth and control
the energy metabolism of the body. Deficiency of iodine leads to goiter, irreversible
mental retardation and decrease of survival rates among children. Generally, the
amount of iodine daily intake of 150 pg of iodide is required for adult but it should
not exceed 1 mg of iodide/day (WHO). To prevent iodine deficiency disorder (IDD),
many iodine supplement dietaries are available, such as drinking water, tablets, salt,
as well as egg. The concentration of iodine in most foods is low therefore accurate
determination requires a sensitive analytical method and freedom from contamination.

There are several reports for determination of iodide. The main methods for
analysis are chromatography, spectrophotometry, catalytic spectrophotometry and
electrochemistry [1-10]. For gas chromatographic method, iodide was oxidized and
iodonized using 2-iodosobenzoate and N,N-dimethylaniline, respectively, to form 4-
iodo-N,N-dimethylaniline which would be extracted by solid phase microextraction
(SPME) or single drop microextraction (SDME) prior to analysis by gas
chromatography-mass spectrometry (GC-MS) [11]. For high-performance liquid
chromatography (HPLC), the iodine speciation could be determined directly by
combining anion exchange chromatography and spectrophotometry. The method was
applied to quantitative determination of iodide and iodate, as the difference of total
inorganic iodide and iodide after reduction of the sample by NaHSO3; and
determination of organic iodine as the difference of total iodide (after organic
decomposition by dehydrohalogenation and reduction by NaHSO3;) and total
inorganic iodide [12]. GC-MS and HPLC needed some derivatization step that was
quite complicated and prone to iodine losses and contamination.

Atomic absorption spectrometry (AAS) has also been applied to the
determination of iodide [13]. lodide was first precipitated as Agl and excess Ag*
would be determined by flame AAS. Alternatively, iodide was formed complex with



2

Hg" in acid medium and was passed through a cation-exchange resin, where the
excess Hg" was adsorbed. The Hg* bound to I” was determined by cold vapor AAS.
The determination of non-metals, such as halogens, sulfur, oxygen, nitrogen,
phosphorous and carbon by AAS involved certain difficulties. Firstly, due to the high
energy difference between the lowest excited state and the ground state for non-
metals, the short wavelength radiation was needed for the electronic transitions to
occur. Thus, the analytical resonance lines of non-metals lay in the shorter
wavelength region of the electromagnetic spectrum, so-called vacuum-UV spectral
region ranging from 10 to about 180-190 nm. Unfortunately, there was a lack of
commercial radiation source that provided these lines, especially for elements of high
volatility such as iodine, because it was difficult to ensure the manufacture of
reproducible and stable lamps. Moreover, the selection of the analytical line in the
spectrophotometer represented another problem because commercial atomic
absorption spectrometers were usually equipped with monochromators that covered
from near-UV to near-IR region, which was from about 190 to 850 nm. Therefore, the
vacuum-UV region lay outside the commercially attainable range of wavelength.
Finally, the absorption of analytical radiation by the atmospheric oxygen produced a
high absorption background that could make it difficult to attain useful results.

There was a report for determination of iodine using the chemiluminescence
(CL) reaction between iodide and luminol, which was carried out in the flow
injection system equipped with gas-diffusion membrane (GD) for selective detection
at 425 nm [14].

The most commonly used chemical assays have been colorimetric methods that
measured the catalytic effect of iodine on the reduction of Ce™ by As* (Ce-As) [15]
or the destruction of iron(ll)-thiocyanate by -nitrite (Thio-Nit or Sveikina method)
[16-17]. Comparisons were made on two manual colorimetric iodine assays [18]. The
Thio-Nit assay was more sensitive. The correlation, r, for the Thio-Nit assay was also
greater, (0.990 for 0-6 ng/mL), when compared with the Ce-As assay (0.901 for 2-8
ng/mL). These data confirmed that the standard curves of the Thio-nit method were
more reproducible and the assay was more sensitive. Practically, both Thio-Nit assay
and Ce-As assay were highly dependent on the rate of the reaction that was difficult

and cumbersome for a large number of measurements.
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A quartz crystal microbalance (QCM) method has been developed for iodide
determination in food samples [19]. The method was based on a sensitive response of
QCM frequency due to the mass change at piezoelectric quartz crystal electrode, after
its decomposition. . The ionic iodine in the sample solution was changed to the free
iodine in acidic environment and was absorbed on the gold electrode QCM where the
decreased frequency was measured for estimation of iodine content in food.

A cuprite-modified carbon paste electrode was evaluated as an electrochemical
sensor for iodide species in aqueous medium. The overall analysis involved the two-
step procedure: the open-circuit accumulation step followed by the voltammetric
quantification. In the preconcentration step, iodide was accumulated on cuprite
(Cuz0) electrode according to a surface precipitation mechanism leading to the
formation of Cul. This solid was then detected either in the cathodic or in the anodic
mode. The first process allows multiple successive analyses without requiring any
regeneration of the electrode surface, while the anodic scan resulted in the surface
oxidation of Cu,O requiring the renewal of the electrode surface before any further
accumulation experiment [20-21].

Recently, flow injection amperometric analysis with boron-doped diamond thin-
film electrode has been developed for easy, rapid and high sensitivity method for
determination of iodide in aqueous sample [22]. Amperometric detection was
sometime problematic with adsorption of complex matrix on the working electrode
surface that caused a daily ritual of disassembling the electrochemical cell and
mechanically polishing the working electrode surface. Pulsed amperometric detection
(PAD) with “on-line” cleaning was developed to uniform electrode and reproducible
activity at the electrode.

Since the determination of iodide in water, salt, and tablet is relatively simple,
while method for determination of iodide in complex matrices such as food and
biological samples are quite complicated, tedious, time consuming and the results
may be irreproducible. For this reason, development of the method for determination
of iodide in complex matrices such as egg is challenging.

The objective of this study is to develop a simple flow injection system coupled
with amperometric detection by boron-doped diamond thin film for determination of

iodide in egg samples.
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THEORY

2.1 Electrochemical techniques [23-24]

Electroanalytical techniques are concerned with the interplay between
electricity and chemistry, namely the measurements of electrical quantities, such as
current, potential, or charge, and their relationship to chemical parameters. Such use
of electrical measurements for analytical purposes has found a vast range of
applications, including environmental monitoring, industrial quality control, and
biomedical analysis. In electrochemical systems, we are concerned with the processes
and factors that affect the transport of charge across the interface between chemical
phases, for example, between an electronic conductor (an electrode) and an ionic

conductor (an electrolyte).

2.1.1 Cyclic voltammetry

Cyclic voltammetry is the most widely used technique for verification of
qualitative information of electrochemical reactions. The great merit of cyclic
voltammetry is the ability to rapidly provide considerable information on the
thermodynamics of redox processes, on the kinetics of heterogeneous electron-
transfer reactions, and on coupled chemical reactions or adsorption processes.
Cyclic . voltammetry .is . often the first experiment performed in an
electroanalytical study. The special offer of cyclic voltammogram is a rapid
location of redox potential of the electroactive species, and an easy evaluation
of the effect of media upon the redox process.

Cyclic voltammetry uses a triangular potential waveform (Figure 2-1)
linearly scanning the potential of a stationary working electrode and unstirred
solution. Single or multiple cycles can be used upon the information sought.
The resulting current from the applied potential is measured during the
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potential sweep. The plot between current versus potential is termed a cyclic

voltammogram.

1.0 4 <
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Figure 2-1 Triangular potential waveform in cyclic voltammetric experiment.

Figure 2-2 illustrates the cyclic voltammogram of a reversible redox
couple during a single potential cycle. It is assumed that only the oxidized
form O is present initially. Thus, the first half-cycle is scaning to a negative
potential, starting from a value where no reduction ‘occurs. Such the applied

potential approaches the characteristic E- for the redox process, a cathodic

current begins to increase, until ‘a peak is' reached. After traversing the
potential region in which the reduction process takes place, the direction of the
potential sweep is reversed. During the reverse scan, the molecules are

reduced back to O and an anodic peak results.
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Figure 2-2 Typical cyclic voltammogram for a reversible O + ne” <> R redox process.

The characteristic peaks in the cyclic voltammogram are caused by the
formation of the diffusion layer near the electrode surface. These can be
defined by the concentration-distance profiles during the potential sweep
(Figure 2-3). Figure 2-3 illustrates four concentration gradients for the reactant
and product at different times corresponding to (a) the initial potential value;
(b) and (d) the formal potentials during the forward and reverse scans,
respectively; and‘(c) the achievement of a zero reactant surface concentration.
Note that the continuous change in the surface concentration is coupled with
an expansion of the diffusion layer thickness. Consequently, the current peaks
are the continuous change of the concentration gradient with time. Hence, the
increase in the peak current corresponds to the achievement of diffusion
control, while the current drop exhibits a t* dependence. For the above

reasons, the reversal current has the same shape as the forward one.



Figure 2-3 Concentration distribution of the oxidized and reduced forms of the redox
couple at different times during a cyclic voltammetric experiment corresponding to
(a) the initial potential; (b, d) the formal potential of the couple during the forward
and reverse scans; and (c) the achievement of a zero reactant surface concentration.
[24]

2.1.1.1 Data interpretation

The cyclic voltammogram is characterized by several important
parameters. Four of these observables; i.e., two peak currents and two
peak potentials, provide the basis for the diagnostics developed by

Nicholson and Shain for analyzing the cyclic voltammetric response.

2.1.1.1.1 Reversible system

The peak current for a reversible couple (at 25°c), is given by

the Randles-Sevick equation:

i, = (2.69 x 10°) n¥?ACD"*2 2.1



8

when n is the number of electrons, A is the electrode area (in
cm?), C is the concentration (in mol cm™), D is the diffusion
coefficient (in cm® s?), and v is the scan rate (in V s).
Accordingly, the current is directly proportional to concentration
and increases with the square root of the scan rate. The ratio of the
reverse-to-forward peak currents, iy, /ips , 1S unity for a simple
reversible couple. This peak ratio can be strongly affected by
chemical reactions coupled to the redox process.

The position of the peaks on the potential axis (Ep) is related
to the formal potential of the redox process. The formal potential

for a reversible couple is centered between Ep, and Ep c:

Bé's Bpa+ Ep 2.2
2

The separation between the peak potential (for a reversible couple)

is given by

AEp = Epa—Epc=0.059  V 2.3
n

Thus, the peak separation can be used to determine the
number of electrons transferred, and as criterion for a Nernstain
behavior. Accordingly, a fast one-electron process exhibits a 4E,
of about 59 mV. Both cathodic and anodic peaks potential are
independent of the scan rate. It is possible to relate the half-peak
potential (Ey2, where the current is half of the peak current) to the
polarographic half-wave potential, Ey/;:

Eiyp =E1»+£0.028 V 24
n

(This sign is positive for a reduction process.)



2.1.1.1.2 Irreversible and Quasi-Reversible Systems

For irreversible processes, these with moving more slowly
electron exchange, the individual peaks are reduced in size and
widely separated (Figure 2-4, curve A). Totally irreversible
systems are characterized by a shift of the peak potential with the

scan rate:

o 172
Ep=E"<.RT 0.78 =In k™ + In| an,Fv 2.5
onyF D RT

when o is the transfer coefficient and n, is the number of electrons
involved in the charge-transfer step. Thus, E, occurs at potentials

higher than E°, with the over-potential related to k * and .
Independent of the value k °, such peak displacement can be

compensated by an appropriate change of the scan rate. The peak

potential and the half-peak potential (at 25°c) will differ by 48/an

mV. Hence, the voltammogram becomes more drawn-out as on

decreases.

E +E

Figure 2-4 Cyclic voltammograms for irreversible (curve A) and quasi-reversible

(curve B) redox processes. [24]
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The peak current, given by
i, = (2.69 x 10%)n(an,)?ACDYAY? 2.6

is still proportional to the bulk concentration, but will be lower in
height (depending upon the value of ). Assuming a value of 0.5,
the ratio of the reversible-to-irreversible current peak is 1.27 (i.e.,
the peak current for the irreversible process is about 80% of the
peak for a reversible one).

For quasi-reversible systems (with 10™"> k *> 10° cm s™) the

current is controlled by both the charge transfer and mass
transport. The shape of the cyclic voltammogram is a function of
k NmaD (where o = nFv /RT). As k‘/NzaD increases, the process

approaches the reversible case. For small values of k/\zaD (i.e., at

very fast v) the system exhibits an irreversible behavior. Overall,
the voltammaograms of a quasi-reversible system are more drawn-
out and exhibit a large separation in peak potential compared to
those of a reversible system (Figure 2-4, curve B).

2.1.1.2 Study of reaction mechanism

One of the most important applications of cyclic voltammetry is
for qualitative diagnosis of chemical reactions that precede the redox
process. Such reaction mechanisms are commonly classified by using
the letters E and C (for the redox and chemical steps, respectively) in the
order of the steps in the reaction scheme. The occurrence of such
chemical reactions, which directly affect the available surface
concentration of the electroactive species, is common to redox processes
of many important organic and inorganic compounds. Changes in the
shape of the cyclic voltammogram, resulting from the chemical

competition for the electrochemical reactant or product, can be
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extremely useful for elucidating these reaction pathways and for
providing reliable chemical information about reactive intermediates.
For example, when the redox system is perturbed by a following

chemical reaction, that is, an EC mechanism,

O+ne—>R—->Z 27

The cyclic voltammogram will exhibit a smaller reverse peak (because
the product R is chemically removed from the surface). The peak ratio
Ip,r /1o Will thus be smaller than unity; the exact value of the peak ratio
can be used to estimate the rate constant of the chemical step. In the
extreme case, the chemical reaction may be so fast that all of R will be
converted to Z, and no reverse peak will be observed. A classic example
of such an EC mechanism is the oxidation of the drug chlorpromazine to
form a radical cation that reacts with water to give an electroinactive
sulfoxide. Ligand exchange reactions (e.g., of iron porphyrin complexes)
occurring after electron transfer represent another example of such a
mechanism.

Additional information on the rates of these (and other) coupled
chemical reactions can be achieved by changing the scan rate (i.e.,
adjusting the experimental time scale). In particular, the scan rate
controls the time spent between the switching potential and the peak
potential (during ' which' the chemical reaction occurs). Hence, as
illustrate in Figure 2-5, i is the ratio of the rate constant (of the chemical
step) to ‘the scan rate, ‘which controls the peak -ratio. 'Most useful
information is obtained when the reaction time lies within the
experimental time scale. For scan rates between 0.02 and 200 V s™
(common with conventional electrodes), the accessible time scale is
around 0.1-1000 ms. Ultramicroelectrodes offer the use of much faster
scan rates and hence the possibility of shifting the upper limit of follow-
up rate constants measurable by cyclic voltammetry. For example,

highly reactive species generated by the electron transfer, and living for
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25 ns can be detected using a scan rate of 10° V//s. A wide variety of
faster reactions (including isomerization and dimerization) can thus be
probed. The extraction of such information commonly requires
background substraction to correct for the large charging current

contribution associated with ultrafast scan rates.

04~

02—

(] il

current funchon

(E-Euzin(m¥}

Figure 2-5 Cyclic voltammograms for a reversible electron transfer
followed by an irreversible step for various ratios of chemical rate

constant to scan rate, k/a, where a = nFv/RT . [24]

A special case of the EC mechanism is the catalytic e generation of

O during the chemical step:

O+ne R 2.8

R+A« O 2.9

An example of such a catalytic EC process is the oxidation of
dopamine in the presence of ascorbic acid. The dopamine quinine
formed in the reduction step is reduced back to dopamine by the
ascorbate ion. The peak ratio for such a catalytic reaction is always

unity.
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Other reaction mechanisms can be elucidated in a similar fashion.
For example, for a CE mechanism, where a slow chemical reaction
precedes the electron transfer, the ratio of iy, /i, is generally larger than
unity, and approaches unity as the scan rate decreases. The reverse peak
is usually not affected by the coupled reaction, while the forward peak |
no longer proportional to the square root of the scan rate.

ECE processes, with a chemical step being interposed between

electron transfer steps,

Oi1+ne <+ R; —>0z2+ne"— Ry 2.10
are also easily explored by cyclic coltammetry, because the two redox
couples can be observed separately. The rate constant of the chemical
step can thus be estimated from the relative sizes of the two cyclic
voltammetric peaks.

2.1.2 Amperometry

Amperometry is an electroanalytical technique that involves the
application of a constant reducing or oxidizing potential to working electrode
and the subsequent measurement of the resulting steady-state current.
Usually, the magnitude of the measured current is dependent on the
concentration of the reduced or oxidized substance, and hence this method can

be used for various analytical applications.

Eapplied

Potential (V)

Time (§) ——

Figure 2-6  Amprometry (E-t) waveform.
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2.1.3 Pulsed amprometric detection [7, 25,26]

Pulsed amperometric detection (PAD) was introduced by Johnson and
LaCourse because of the problem of loss activity of noble metal electrodes
associated with the fixed-potential detection of compounds such as amino
acids, carbohydrates or aldehydes. Pulsed amperometric detection has more
advanced the scope of liquid chromatography and electrochemistry. The
most widely used PAD waveform is the three-step waveform as shown in
Figure 2-7. The electrode potential is first stepped to the optimum value for
detection of the electroactive species (Ege). After a delay time (tge), during
which the current mainly from double-layer charging is permitted to decay to
minimal value, the analytical signal is calculated by integrating the faradaic
current due to analyte oxidation for a specified time period (ti). The
potential then stepped to a more positive value (Eoxq) at which the electrode
surface is oxidatively cleaned of any compounds adsorbed during the
detection step. Finally, the potential is stepped to a negative value (Eyeqg) to
reduce the oxide layer formed at Eoxg, thereby regenerating the electrode
activity so that the cycle may be repeated.

ond

1.0
0840 i
0.6] i B
0.4 i

0.2+

Ered

Potential {V vs Az AaCl)

0.0- .
0.2 §<—tde|—>§<— tint—>§<—toxd->§4.tred_>§

0.4 +— —
0 20 40 60 80

Time {msec)

Figure 2-7 The three-step PAD waveform.
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2.2 Flow injection analysis [32]

Flow injection analysis (FIA) is based on the injection of a liquid sample into a
moving, non-segments continuous carrier stream of a suitable liquid. The injection
sample forms a zone, which is then transported toward a detector that continuously
record absorbance, current, or other physical parameters as it continuously changes
due to the passage of the sample material through the flow cell.

The simplest flow injection analyzer consists of a pump, which is used to propel
the carrier stream through a narrow tube; an injection port, by means of which a well-
defined volume of a sample solution is injected into the carrier stream in a
reproducible manner; and a micro reactor in which the sample zone disperses and
reacts with the components of the carrier stream, forming a species that is sensed by a
flow through detector and recorded. A basic schematic diagram of FIA is shown in
Figure 2-8.

S
—EAW—E—v
0 RC
P

Figure 2-8 Schematic diagram of the basic FIA where C is carrier, P is pump, S is
point of sample injection, RC is reaction coil, D is detector and W is waste. [32]
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A typical recorder output has the form of a peak as Figure 2-9, the height (H),
or area (A) of which is related to the concentration of the analyte. The time span
between the sample injection (S) and the peak maximum, which yields the analytical
readout as peak height H, is the residence time (T) during which the chemical reaction
taking place. The well-designed FIA system has an extremely rapid response, because
T is in the range of 5-20 s. Therefore, a sampling cycle is less than 30 s (roughly T +
tp), and thus, typically, two samples can be analyzed per minute. The injection sample
volumes may be between 1 and 200 pL (typically 25 pL), which in turn requires no
more than 0.5 mL of reagent per sampling cycle. This makes FIA a simple, automated
microchemical technique, capable of having a high sampling rate and a minimum

sample and reagent consumption.
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Figure 2-9 The typical output form of a peak, the recording starting at S (time of
injection tp). H is the peak height, W is the peak width at a selected level, and A is a
peak area, T is the residence time corresponding to the peak height measurement, and
tp is the peak width at the baseline.
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2.3 Determination of iodide in egg using catalytic colorimetric method [16, 17,
27]

The catalytic colorimetric method has been widely used for determination of
iodide in food, clinical specimens and animal feeding stuffs. The reaction between
iron (111) thiocyanate complex (red) and nitrite in acid can be catalyzed by iodide ion
and the fade out of the complex can be detected by UV-visible at 450 nm. It is
autocatalytic in nitrous acid. The reaction is often called the Sveikina reaction. An
autocatalytic reaction depends on the concentration of the catalytic species. The
reaction can be represented by

2SCN" + 3NO; + 3NOs + 2H" ——— 2CN +2S0,” + 6NO + H,0 2.11

Alkali dry ashing is the sample preparation technique for the destruction of
organic matter prior to iodide determination. It is a relatively simple method for
removing the organic matters. In the open vessel the sample is placed in a suitable
crucible and is dried and ashed in a muffle furnace. In this technique, recommended
alkali reagent such as potassium hydroxide or potassium carbonate aids in the
retention of iodide ion in the solution. These salts leave a soluble alkali iodide residue.
The temperature can be varied from 400 to 600 °C and the time of ashing is from 30
min to 3 hr. The dissolved iodide ion can be separated from the insoluble residue by

centrifugation.
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CHAPTER 1

EXPERIMENTAL

3.1 Instruments and Equipments

3.1.1 Electrochemical Method

~N o o1 A W

. Autolab Potentiostat (PGSTAT 30, Metrohm)
. Rheodyne injection valve, model 7225 (Altech), with a 20 pl

stainless steel injection loop (0.5 mm. i.d.)

. Milli-Q water system, Millipore ZMQS5V00Y, (Millipore, USA)

. Peristaltic pump (Ismatic)

. Autopipette and tips (Gilson, Germany), 2.5, 200, 1000 and 5000 pL
. Ag/AgCl electrode (Bioanalytical System Inc.)

. Home-made platinum wire (Electrochemical Group, Chulalongkorn

University, Thailand)

. Glassy carbon electrode (0.07 cm?, Bioanalytical system Inc)

pretreated by polishing with alumina powder slurries (1 and 0.05
micron, respectively) in ultrapure water on felt pads and rinsed

thoroughly with ultrapure water prior to use.

..Boron doped-diamond electrode (WD769/1, Purchased from Centre

Suissed’ Electronicat de Microtechnique SA (CSEM) and obtained

from Associate Prof. Kensuke Honda.

10. Electrolyte vessel (Metrohm, 6.1415.150)
11. Pads and alumina powder slurries of 1 and 0.05 micron, respectively.

(Metrohm)

12. Thin layer flow cell (Bioanalytical System Inc.)

13. Teflon cell gasket (Bioanalytical System Inc.)
14. PEEK tubing (0.25 mm i.d.) and connecting (Upchurch)
15. Teflon tubing (1/10 inch i.d., Upchurch)
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16. Cutting set (Altech)

17. Viton O-ring (0.07 cm?)
18. pH meter (Metrohm)

19. Sonicator (USA, A006651)

3.1.2 Microdialysis sampling

2 T

Polysulfone hollow fiber membrane with i.d. 1100 pum, wall thickness
270 pm and porosity 30% (Vifill 4040, ultrapure, Thailand)

Magnetic bar

Needle (0.8 x 25 mm, NIPRO)

Peristaltic pump (Masterflex)

Tubing (precision tubing, Masterflx)

Stirrer (Fisher scientific)

3.1.3 Catalytic colorimetric Method

© ©® N g B~ w D

Centrifuge (CENTAURA 2, Sanyo)

UV-visible spectrophotometer, HP 8453 (Hewlett Packard, USA)
Muffle furnace with thermostat (Carbolite, Bamford, Sheffield, UK)
Autopipette and tips (Eppendorf, Germany), 200 and 1000 pL
Glass bottles with Teflon screw cap 500, 1000 mL (Duran)
Volumetric flasks 10, 25, 50,100,500 and 1000 mL

Beakers 10, 25, 50, 100, 500 and 1,000 mL

Porcelain crucible 10 mL

Conical centrifuge tube 10 mL

10. HDPE bottles with screw cap 25, 50, 125, 1000 mL (Nalgene)
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3.2 Chemicals and Reagents

. Di-sodium hydrogen orthophosphate-dihydrate (BDH)
. Potassium carbonate (CARLO)

. Potassium iodide (CARLO )

. Potassium dihydrogen orthophosphate (BDH)

. Potassium thiocyanate (CARLO)

. loron(I11) ammonium sulfate (CARLO)

. Zinc sulphate heptahydrate (CARLO)

. Sodium nitrite (CARLO)

. Nitric acid 95% (MERCK)

10. Standard buffer solution pH 4 and 7 (Metrohm)

© 00 N o o B~ W N

3.3 Electrochemical Method

3.3.1 Preparation of chemical solution

3.3.1.1 Phosphate buffer as supporting electrolyte

The supporting electrolyte was prepared by weighing 8.2794 g of
potassium dihydrogen phosphate, dissolving with Milli Q water, and
adjusted to the required pH with 60 mM di-sodium hydrogen phosphate,
prepared by dissolving 0.5340 g of di-sodium hydrogen phosphate and
diluting in 50 mL of Milli Q water.

3.3.1.2 Stock Standard lodide Solutions
The stock standard iodide solution of 1000 mg/L was prepared by

dissolving 32.7 mg of potassium iodide in supporting electrolyte and

diluting the solution in a 25 mL volumetric flask.
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3.3.1.3 Working Standard lodide Solution

The standard iodide solution of 2 mg/L was prepared daily by
pipetting 50 pL of the stock standard iodide solution and adjusted to 25
mL with electrolyte solution. Working standard iodide solutions were
prepared by diluting the standard iodide solutions of 2 mg/mL with

electrolyte solution.
3.3.2 Cyclic voltammetric study

The cyclic voltammetry provides qualitative information of iodide about
electrochemical reactions. The electrochemical measurements were performed
in a single compartment glass cell using a potentiostat. Figure 3-1 showed the
electrochemical cell for cyclic voltammetric experiment. A Ag/AgCl electrode
was used as a reference electrode and a platinum wire was employed as an
auxiliary electrode. The boron-doped diamond electrode (0.07 cm?) was used
as working electrode. The working electrode (boron doped diamond or glassy
carbon) was pressed against a smooth ground joint at the bottom of the cell
isolated by O-ring (area 0.07 cm?).

Ag/AgCI _
reference Pt wire
electrode auxiliary
electrode
Salt bridge
BDD
Glass cell working
electrode

Figure 3-1 The electrochemical cell for cyclic voltammetric study.
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3.3.3 Background current [22]

The background current is composed of contribution due to double-layer
charging process (known as charging current) and redox reactions of
impurities such as the solvent, supporting electrolyte, or electrode. Within the
working potential range, the charging current is the major component of the
background which defines the detection limit. Thus, the background current
was studied. The background current of boron-doped diamond electrode was
compared to that of glassy carbon electrode. The experiment was carried out in
60 mM phosphate buffer (pH 5) at the scan rate of 50 mV/s.

3.3.4 pH optimization

This experiment was studied for the appropriate pH for reaction of
iodide. The study was performed using 63.5 mg/L iodide solutions prepared in
phosphate buffer pH 3, 4, 5, 6, 7, 8 and 9 at the scan rate of 50 mV/s.

3.3.5 Effect of scan rate

This experiment was studied for the behavior of iodide at the electrode
surface. Experiments were performed using 63.5 mg/L iodide solutions at
various scan rates of 10, 20, 25, 50, 75, 100, 200, 300, 400 and 500 mV/s.

3.3.6 The flow injection analysis with amperometric detection using

boron-doped diamond electrode

3.3.6.1 Hydrodynamic voltammetry

Hydrodynamic voltammetry was performed to find the optimum
potential of iodide for the flow injection analysis with amperometric
determination. The data are obtained by recording the background

current and the peak current of four injections of 20 ul of 100 mg/L
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iodide solution at each potential such as 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1.0, 1.1, 1.2 V The ratios of peak current and background current are
plotted as a function of applied potential. The maximum peak current to
background current ratio would be the optimum potential of iodide for

the flow injection with amperometric determination.

3.3.6.2 Amperometric detection

Amperometric detection coupled flow injection (FI) system was
used for determination of iodide. Figure 3-2 shows the FI manifold [22]
with amperometric detection using boron-doped diamond as working
electrode. The flow injection analysis system used in this experiment
was consisted of a thin layer flow cell, an injection port with a 20 puL
injection loop, a reagent delivery module or a peristaltic pump and an
electrochemical detector. The mobile phase was regulated by the
peristaltic pump at 1 mL/min. Figure 3-3 shows the thin layer flow cell
for the flow injection system, which was consisted of a silicon rubber
gasket as a spacer, a Ag/AgCI electrode as a reference electrode, a
stainless steel outlet tube as an auxiliary electrode, and the boron-doped
diamond pressed at the outlet of the flow cell as working electrode. The
experiments were performed in a copper faradaic cage to reduce electric

noise.
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20 pul sample/standard

Buffer

carrier
‘ Thin layer Waste
W_GD_ flow cell 1.0 ml/min

pump
Pulse dampener

WE: BDD
Ref.: Ag/AgCI
Aux: Stainless steel

Potentiostat
(PG 100)

Figure 3-2 The FI manifold with amperometric detection using BDD as a working
electrode and 60 mM phosphate buffer at pH 5 as carrier. [22]

stainless steel tube
as auxiliary electrode and
outlet

Flow cell\

Teflon tubing [
as inlet —__

. BDD
Ag/AgCI working
reference — electrode
electrode

Figure 3-3 The thin layer flow cell for the flow injection with amperometry
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3.3.6.3 Calibration and linearity for flow injection analysis with

amperometric detection using boron-doped diamond electrode

Each concentration of standard solutions at 20, 30, 40, 50, 60, 70,
80, 90, and 100 mg/L was injected in duplicate. The calibration curves
were plotted between the peak heights and the concentrations. Linear

regression method was used to obtain slope, intercept and R?.

3.3.6.4 Limit of detection (LOD) and limit of quantitation (LOQ)
for flow injection analysis with amperometric detection using boron-

doped diamond electrode

The limit of detection (LOD) was defined as the concentration
giving a signal of Yg + 3Sg, where Yg was blank signal and Sg was
standard deviation of blank signal. The corresponding concentration was
then calculated from the calibration equation. The limit of quantitation

(LOQ) was the concentration giving a signal of Yg + 10Sg.

3.3.6.5 Precision and Accuracy for flow injection analysis with

amperometric detection using boron-doped diamond electrode

The accuracy and precision of the method were evaluated by
determination of recovery and relative standard deviation of the repeat

analysis of iodide solution. The measurements were done in triplicate.
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3.3.7 The flow injection analysis with pulsed amperometric detection (FI-

PAD) using boron-doped diamond electrode

3.3.7.1 Pulsed amperometric detection (PAD)

Pulsed amperometric detection was used to lowering the detection

limit and cleaning the electrode surface with flow injection analysis. The

FI manifold and other conditions were similar to flow injection analysis

with amperometric detection except the potential waveform.

3.3.7.2 PAD waveform optimization

The PAD waveform parameters were optimized through a series of

injection of 100 mg/L standard iodide solution in the flow injection

system by varying parameters as in Table 3-1.The signal-to-background

ratios were plotted versus the varied parameter to obtain the optimal

values.

Table 3-1 The varied parameters for PAD optimization

Parameter

Studied range

1. Detection step

Eqet (V vs. Ag/AgCI) 03-12
tger (MSeC) 30 -1000
tint (Msec) 30-700
2. Oxidation step

Eoxa (V Vs. Ag/AgCI) 09-12
toxa (Msec) 500 - 900
3. Reduction step

Ered (V vs. Ag/AQCI) 03-11
tred (Msec) 30 - 300
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3.3.7.3 Calibration and linearity for FI-PAD with boron-doped diamond

electrode

Each concentration of standard solutions at 20, 50, 100, 200, 500, 800,
1000, 2000, 3000, 4000 and 5000 pg/L was injected in duplicate. The
calibration curves were plotted between the peak heights and the
concentrations. Linear regression method was used to obtain slope, intercept
and R,

3.3.7.4 Limit of detection (LOD) and limit of quantitation (LOQ) for FI-
PAD with boron-doped diamond electrode

The limit of detection (LOD) was defined as the concentration giving a
signal of Yg + 3Sg, where Yg was blank signal and Sg was standard deviation
of blank signal. The corresponding concentration was then calculated from the
calibration equation. The limit of guantitation (LOQ) was defined as the

concentration giving a signal of Yg + 10Sg.

3.3.7.5 Precision and Accuracy for FI-PAD with boron-doped diamond
electrode

The accuracy  and precision of the method were evaluated by
determination of recovery and relative standard deviation of the repeat analysis

of iodide solution. The measurements were done in triplicate.
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3.4 Colorimetric Method [16-17]

3.4.1 Preparation of chemical solutions

3.4.1.2 Stock Standard lodide Solution
The stock standard iodide solution of 1000 mg/L was prepared by

dissolving 32.7 mg of potassium iodide in Milli Q water and diluting the

solution ina 25 mL volumetric flask.
3.4.1.2 Working Standard lodide Solutions

The standard iodide solution of 2 mg/L was prepared daily by
pipetting 50 uL of the stock standard iodide solution adjusted to 25 mL
with Milli Q water. Working standard iodide solutions were prepared by
diluting the standard iodide solutions of 2 mg/mL with Milli Q water.

3.4.1.3 Potassium carbonate solution 30% (m/V)

A 30 g of potassium carbonate (K>CO3) was dissolved in Milli Q
water and diluted to 100 mL in a volumetric flask.

3.4.1.4 Potassium thiocyanate solution 0.023% (m/V)

A 0.23 g of potassium thiocyanate (KSCN) was dissolved in Milli

Q water and diluted to 1.0 L in a volumetric flask.

3.4.1.5 Sodium nitrite solution 2.07% (m/V)

Sodium nitrite (NaNO,) solution was freshly prepared by

dissolving 2.07 g NaNO, in Milli Q water and diluted to 100 mL in a

volumetric flask.
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3.4.1.6 Ammonium iron(l11) sulphate reagent

A 77 g of ammonium iron(111) sulphate [NH4Fe(SQO4),.12H,0] was
dissolved in approximately 400 mL of Milli Q water and a 167 mL of
concentrated nitric acid (65%) was added and diluted to 1.0 L in a

volumetric flask.

3.4.1.7 Zinc sulphate solution 10% (m/V)

A 10 g of zinc sulphate (ZnSO,4.7H,0) was dissolved in Milli Q

water and diluted to 100 mL in a volumetric flask.

3.4.2 Alkali Dry Ashing

Alkali dry ashing is a sample preparation process typically for food and
biological samples. Generally the sample is dried and ashed with high
temperature furnace. Into a clean, dry crucible, approximately 0.5 g of
homogenized egg sample was accurately weighted, 0.5 mL of potassium
carbonate and 0.25 mL of zinc sulfate solution was added. The slurry was
stirred and dried on a hotplate at level 6 for 45 min or until no smoke. The
crucible was then covered with a lid and placed in a muffle furnace at 550°C
for 2 hr. Another 1. mL of zinc sulfate solution was added after it was cooled to
room temperature. The drying and ashing processes were repeated. The cooled
ash, normally white or gray in color, was transferred to a centrifuge tube with
25 mL of Milli Q water, and centrifuged for 10 min. The sample solution was

decanted and stored in a clean HDPE bottle.
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3.4.3 Catalytic colorimetric method

A 4 mL of standard iodide solution or sample solution was pipetted into
centrifuge tube. Then, 1 mL of 0.023% (m/V) potassium thiocyanate solution,
2 mL of ammonium iron (I11) sulphate in nitric acid and 1 mL of milli Q water
were added, successively. Then, a 1 mL of NaNO, was added to the solution.
The solution was shaken and waited for 15 min. The absorbance of the fading
color was measured by the UV-VIS spectrophotometer at 450 nm. A series of
the solution could be prepared in the same way. A 1 mL of NaNO, was added
to each solution for every 2 min interval and each solution was measured for

the absorbance every 15 min.

3.4.4 Calibration and linearity for catalytic colorimetric method

The standard iodide solutions of 4, 8, 12, 16 and 20 pg/L were used for
calibration. The measurement was done in duplicate. . The calibration curves
were plotted between the absorbance and the concentrations. The linear
regression method was used to obtain slope, intercept and R?.

3.4.5 Limit of Detection (LOD) and Limit of Quantitation (LOQ) for

catalytic colorimetric method

The limit of detection (LOD) was defined as the concentration giving a
signal of Yg + 3Sg, where Y was blank signal and Sg was standard deviation
of blank signal. The corresponding concentration was then calculated from the
calibration equation. The limit of quantitation (LOQ) was defined as the

concentration giving a signal of Yg + 10Sg.
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3.4.6 Precision and Accuracy for catalytic colorimetric method

The accuracy and precision of the method were evaluated by
determination of recovery and relative standard deviation of the repeat analysis

of iodide solution. The measurements were done in triplicate.

3.5 Application of the methods for determination of iodide in egg samples

Egg samples were purchased from a local market. The whole egg including its
shell was weighed but only egg was used. The eggs were homogenized prior to use.
The experiments were conducted in batches. Each batch was consisted of a number of
certain weights of homogenized egg samples. The samples were divided into two
batches for determination of iodide by electrochemical method and by catalytic

colorimetric method. The results were compared.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Electrochemical method

4.1.1 Cyclic voltammetric study

4.1.1.1 Background current

In this experiment, the 60 mM phosphate buffer pH 5 was used as supporting
electrolyte employed to eliminate electromigration effects and maintain a constant
ionic strength. The background current flew in absence of the electroactive species of
interest was composed of contributions due to double-layer charging process that
limited the working potential range and limit of detection [24]. Therefore, the
preliminary work focused on a comparison of the background currents that obtained
with boron-doped diamond (BDD) electrode and glassy carbon (GC) electrode. Figure
4-1 showed the overlaid background voltammograms of 60 mM phosphate buffer (pH
5) at BDD electrode and GC electrode, which were obtained from batch experiment.
The respective background current for the GC electrode was higher than that obtained
from boron-doped diamond electrodes. There were three possibilities that could
explain the low background current [28]. The first assumption was the relative
absence of electroactive carbon-oxygen functionalities on the hydrogen terminated
diamond surface as compared with glassy carbon but this assumption explained only
some, but not all, of the low current for BDD electrode. The second contributing
factor might be the lower charge carrier concentration due to the semimetal-
semiconductor nature of BDD electrode. A lower state at given potential, or lower
charge carrier concentration, would lead to reduced accumulation of counterbalancing
ions and water dipoles on the solution side of the interface, thereby lowering the
background current. The third possible contributing factor could be that the diamond

surface was constructed like an array of microelectrodes. In other words, perhaps the
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diamond surface had “electrochemically active” sites alternatively separated by less

reactive or more insulating regions.

current (uA)

—GC
- BDD

I N T
04 0.6
potential (V vs Ag/AgCl)

0.8

1.0

Figure 4-1 The overlaid background voltammograms of 60 mM phosphate buffer
(pH 5) at BDD electrode (dotted line) and at GC electrode (solid line). The scan rate
was 50 mV/s. The inserting figure show the background current at BDD electrode on

a large scale.
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There were some reports of cyclic voltammograms of iodide on
platinum, gold, and glassy carbon electrode suggesting that the oxidation
sequence of iodide at the working electrodes [22] can be represented by

the following reactions:

3N — I3 + 2¢ 4.1

2l — >3, + 2¢€ 4.2

Figure 4-2 and 4-3 illustrated the cyclic voltammograms of 63.5 mg/L
iodide in 60 mM phosphate buffer (pH 5) at BDD electrode and GC
electrode, respectively. The BDD electrode exhibited well-defined
quasi-reversible oxidation peaks at 0.57 and 0.79 V versus Ag/AgCl and
GC electrode provided the oxidation peaks at 0.48 and 0.74 V versus
Ag/AgCl. The first oxidation peak current, subtracted from background
current was 8.58 YA at BDD electrode and was 7.86 1A at GC electrode.
Therefore, it was expected that BDD electrode would provide a better
sensitivity. For our work, we employed only the first oxidation peak

current.

4.1.1.2 Optimal pH

The buffer pH was studied for appropriate electrochemical
reaction of iodide. Buffer pH was investigated from pH 3 to 8 and the
voltammogram were shown in Figure 4-4 and 4-5. The BDD electrode
and - GC. electrode exhibited well-defined cyclic voltammograms of
iodide in all pH. It was observed that the oxidation peak currents slightly
shift to positive potentials and background current was increased with
the higher pH. In addition, the hydrogen terminal on BDD electrode
might be anodized to oxygen terminal in the more acidic solution that
caused an adsorption of product or complex matrix on the electrode
surface. For these reasons, pH 5 was chosen as the optimal pH for
further studies at the BDD electrode.
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Figure 4-2  The cyclic voltammogram of 63.5 mg/L iodide in 60 mM phosphate
buffer (pH 5) at BDD electrode. The scan rate was 50 mV/s.
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Figure 4-3 The cyclic voltammogram of 63.5 mg/L iodide in 60 mM phosphate
buffer (pH 5) at GC electrode. The scan rate was 50 mV/s.
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Figure 4-4 Overlaid cyclic voltammograms of 63.5 mg/L iodide at BDD electrode
in 60 mM phosphate buffer pH 3 to pH 8.
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Figure 4-5 Overlaid cyclic voltammograms of 63.5 mg/L iodide at GC electrode in
60 mM phosphate buffer pH 3 to pH 8.



37

4.1.1.3 Effect of scan rate

The effect of the scan rate on the electrochemical behaviors of
iodide was investigated at 10, 25, 50, 75, 100, 200, 300, 400 and 500
mV/s. The current responses of iodide at different scan rate and the
relationship between the current responses and the square root of the
scan rate for iodide at BDD electrode and GC electrode were illustrated
in Figures 4-6 to 4-9, respectively. From these results, the current
response of iodide was directly proportional to the square root of the
scan rate. It can be concluded that the diffusion process controlled the
transportation of these analytes from the bulk solution to the electrode
surface [24]. From the cyclic voltammograms displayed in these figures,

the oxidation of these selected analytes underwent the irreversible

reaction

15 1 — 500 mVs-!
- - 400 mVs-1
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potential (V vs Ag/AgCl)

Figure 4-6 Cyclic voltammograms of 63.5 mg/L iodide in phosphate buffer (pH 5)

at BDD electrode for various scan rates.
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Figure 4-7 The relationship between the oxidation current and the square root of the

scan rates at BDD electrode.
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Figure 4-8 Cyclic voltammogram of 63.5 mg/L iodide in phosphate buffer (pH 5) at

GC electrode for various scan rates.
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Figure 4-9 The relationship between the oxidation current and the square root of the

scan rates at GC electrode.

4.1.2 Flow injection analysis with amperometric detection using boron-

doped diamond electrode

4.1.2.1 Hydrodynamic Voltammetry

This part was carried out using a flow injection system. Figure 3-3
showed the most sensitive oxidation potential for determination of
iodide by flow injection analysis with amperometric detection. Figure
4-10 showed the hydrodynamic voltammogram obtained at the BDD
electrode for 20 pL injection of 100 mg/L iodide in 60 mM phosphate
buffer (pH 5) at various potentials. The average current of the four
injections and background current of each data were shown in figure 4-
11. The signal-to-background ratio (S/B) was calculated and the results
were presented in Figure 4-12. According to the results, the maximum

S/B ratio was observed at 0.8 V. This potential was near to the peak
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potential observed in the corresponding cyclic voltammogram at the
same concentration. Hence, this potential was used for the

amperometric detection with flow injection analysis experiments.
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Figure 4-10 Hydrodynamic voltammograms for Fl-amperometry with BDD
electrode of 100 mg/L iodide in 60 mM phosphate buffer (pH 5) at various potentials.
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Average hydrodynamic signals for Fl-amperometry with BDD
electrode of background currents, 60 mM phosphate buffer (pH 5) and peak currents
of 100 mg/L iodide at various potentials.
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potential (V vs Ag/AgCl)
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Figure 4-12 Plot of the signal-to-background ratio (S/B) for Fl-amperometry with
BDD electrode of 100 mg/L iodide in 60 mM phosphate buffer (pH 5) at various

potentials
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4.1.2.2 Method evaluation for flow injection analysis with

amperometric detection using boron-doped diamond electrode

The method linearity between the current responses of iodide and
iodide concentrations ranging from 30 to 100 mg/L was studied. Figure
4-13 showed the plot of the height of peak currents versus iodide
concentrations. A linear dynamic range of 30 to 100 mg/g was observed
correlation coefficient, R* = 0.9974. The limit of detection of 11.8 mg/L
and the limit of quantitation of 28.4 mg/L were determined from 6
replicate injections of reagent blank. The recovery was 91% with
9%RSD (N=3) using 500 pg/L standard iodide solution.
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current (LA)
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Figure 4-13 Linear dynamic range of iodide determined by flow injection analysis

with amperometric detection with boron-doped diamond electrode.
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4.1.3 Flow injection analysis with pulsed amperometric detection using
boron-doped diamond electrode (FI-PAD-BDD)

4.1.3.1 Optimal PAD

The PAD waveform parameters such as detection potential (Eger),
delay time (tg), integration time (tin), oxidation potential (Eoxg),
oxidation time (toxg), reduction potential (Ereq), and reduction time (treq)
were optimized one factor at a time using 100 mg/L iodide standard
solution. The potential range used for optimization of Eg was chosen
from the potential region in the hydrodynamic voltammogram (Figure
4.10), where the oxidation of iodide occurred. The detection potential
(Eget) Was varied from +0.3 to +1.2 V versus Ag/AgCl at the boron-
doped diamond electrode. The signal to noise ratio were obtained for
each potential and the result was shown in Figure 4-12. Then the delay
time (tgqe)) was varied from 30 to 1000 msec. The detection potential
(Eger), integration time (tiy;), oxidation potential (Eoxg), OXxidation time
(toxa), reduction potential (Ereq) and reduction time (tq) were kept
constant at 0.8 V, 200 msec, 1.2 V, 200 msec, 0.3 V and 200 msec,
respectively. The signal to noise ratio were obtained and the result was
shown in Figure 4-14. After that the integration time (i) was varied
from 30 to 700 msec. The detection potential (Eqe), delay time (tgel),
oxidation potential (Eoxg), OXidation time (toxq), reduction potential (Ereq)
and reduction time (treq) Were kept constant at 0.8 V, 30 msec, 1.2 V,
200-msec, 0.3 V and 200 msec, respectively. The signal to noise ratio
were obtained and the result was shown in Figure 4-15.
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Figure 4-14 FI-PAD-BDD response as a function of tg for 100 mg/L of iodide at

the boron-doped diamond electrode.
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Figure 4-15 FI-PAD-BDD response as a function of ti,; for 100 mg/L of iodide at

the boron-doped diamond electrode.
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To receive reproducible signals, the electrode should be pulsed
adequately more positive potential to remove adsorbed species [25]. The
oxidation potential (Eoxg) was varied from +0.9 to +1.2 V versus
Ag/AgCI at the boron-doped diamond electrode. The detection potential
(Eget), delay time (tger), integration time (ti), oxidation time (toxq),
reduction potential (Erq) and reduction time (tq) Were kept constant at
0.8 V, 30 msec, 30 msec, 200 msec, 0.3 V and 200 msec, respectively.
The signal to noise ratio were obtained and the result was shown in
Figure 4-16. The variation of oxidation time (toxg) was optimized from
500 to 900 msec. The detection potential (Ege), delay time (tgel),
integration time (tiy), oxidation potential (Eqxg), reduction potential (Ereq)
and reduction time (t;eq) Were kept constant at 0.8 V, 30 msec, 30 msec,
1.2V, 0.3V and 200 msec, respectively. The signal to noise ratio were
obtained and the result was shown in Figure 4-17.

S/N
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Figure 4-16 FI-PAD-BDD response as a function of Eqxg for 100 mg/L of iodide at

the boron-doped diamond electrode.
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Figure 4-17 FI-PAD-BDD response as a function of t,xg for 100 mg/L of iodide at

the boron-doped diamond electrode.

Because of the formation of oxide on the electrode surface, it was
essential that the E.q and t.q Were optimized to achieve complete
reductive dissolution of the surface oxide [25]. In the reactivation step,
the reduction potential (Eeq) Was varied from +0.2 to +1.1 V versus
Ag/AgCI. The detection potential (Eget), delay time (tge), integration time
(tine), oxidation potential (Eoxq), OXxidation time t,q and reduction time
(trea) Were kept constant at 0.8 V, 30 msec, 30 -msec, 1.2 V, 700 msec
and 200 msec, respectively. The signal to noise ratio were obtained and
the result was shown in Figure 4-18. The variation of reduction time
(treq) Was optimized from 30 to 300 msec. The detection potential (Eger),
delay time (tg), integration time (tiny), oxidation potential (Eoxg),
oxidation time tog and reduction potential (Ereq) Were kept constant at
0.8 V, 30 msec, 30 msec, 1.2 V, 700 msec and 1.1 V , respectively. The
signal to noise ratio were obtained and the result was shown in Figure 4-
19.
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Figure 4-18 FI-PAD-BDD response as a function of Eeq for 100 mg/L of iodide at

the boron-doped diamond electrode.
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Figure 4-19 FI-PAD-BDD response as a function of teq for 100 mg/L of iodide at

the boron-doped diamond electrode.
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The optimal PAD waveform parameters for iodide were
summarized in Table 4-1 and were shown in Figure 4-20. The first step
of cycle is the equilibration period, when the electrode is stabilized after
the previous pulse [26]. The second step is the detecting step when the
output from the detector is saved as data. The third step is the cleaning
step when any compounds adhering to the electrode surface are oxidized
at higher potential. The final step is the reduction step when the oxide is

reduced. Then the next cycle begins.

Table 4-1 Optimal PAD waveform parameters for FI-PAD-BDD.

Parameter Optimum

1. Detection step

Eqget (V vs. Ag/AgCl) 0.8
tgel (MSeEC) 30
tint (Msec) 30

2. Oxidation step
Eoxd (V vs. Ag/AQCI) 1.2
toxa (MSeC) 700

3. Reduction step
Ered (V vs. Ag/AgCI) 1.1

treq (MSeC) 30
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Figure 4-20

The three-step PAD waveform for the determination of iodide ion.

4.1.3.2 Method evaluation for flow injection analysis with pulsed
amperometry using boron-doped diamond electrode (FI-PAD-BDD)

The method linearity between the current responses of iodide and
iodide concentrations ranging from 50 to 2000 pg/L was studied. Figure
4-21 showed the plot of the height of peak currents versus iodide
concentrations. A linear dynamic range of 50 to 2000 pg/L was observed
correlation coefficient, R* =0.9942.-The limit of detection of 5.4 pg/L
and the limit of quantitation of 16.5 pg/L were determined from 6
replicate injections of reagent blank. The recovery was 114% with 3%
(N=3) using 500 pg/L standard iodide solution.
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Figure 4-21 Linear dynamic range of iodide determined by FI-PAD-BDD.

4.2 Catalytic colorimetric method
4.2.1 Method evaluation for catalytic colorimetric method

The method linearity between the current responses of iodide and iodide
concentrations ranging from 4 to 20 pg/L was studied. Figure 4-22 showed the
plot of the height of peak currents versus iodide concentrations. A working
range of 4 to 20 pg/L was observed and was represented by the linear
regression-equation; y = -0.0285x + 0.7928 with correlation coefficient, R* =
0.9979. The limit of detection of 0.7 pg/L and the limit of quantitation of 1.7
Mg/l were determined from 6 replicate injections of reagent blank. The
recovery was 117% with 1% (N=3) using 8 ug/L standard iodide solution.
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Figure 4-22 Working range of iodide determined by catalytic colorimetric method.

4.3 Application of electrochemical techniques for determination of iodide in egg

sample

The electrochemical methods were attempted to apply for determination of
iodide in egg samples. Unfortunately, the sample matrices after sample preparation
step for which alkali dry ashing was used, were incompatible with the electrochemical
techniques. The sample: matrices were highly basic, which were inappropriate for
electrochemical reaction of iodide. Moreover, the ashing residue might cause some
clogging to the injection valve in the flow injection system. The samples need to be
neutralized and filtered that might lead to losses and contamination. Alternatively,
microdialysis sampling was employed for retrieving iodide ion from egg samples.
Since the microdialysis sampling was introduced in this work and not in the main
objective in the first place, the optimum conditions for the microdialysis sampling
were not studied at this time. However, the comparative results of using microdialysis
sampling with electrochemical methods were preliminarily investigated and

summarized in Table 4-2.
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4.3.1 Microdialysis sampling [29-31]

Since there was a technical problem with the application of
electrochemical techniques to egg sample after alkali dry ashing due to that the
matrix of the solution was incompatible to the electrochemical system,
microdialysis sampling was used for sample preparation of iodide from egg
sample. The technical set up of microdialysis system was illustrated in Figure
4-23. The microdialysis process was carried out via 10 cm polysulfone hollow
fiber membrane inserting into approximately 50 g of homogenized egg sample
in a HDPE bottle. The 50 mL of 60 mM phosphate buffer pH 5 was used as
perfusate flowing and circulating inside the hollow fiber membrane at 1
mL/min for 1 hr.

Pump

Hollow fiber membrane
containing the perfusate

0
LLITTTN LT LT

Dialysate
Stirrer

Figure 4-23 Technical setup of hollow fiber membrane microdialysis system.
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Table 4-2 Comparative results of flow injection-electrochemical methods and
catalytic colorimetric method for determination of iodide in egg samples.

FI- ampero-BDD FI- PAD-BDD Catalytic
Evaluation Method colorimetric
method
Linear dynamic range 30-100 mg/L 50-2000g/L 4-20% ug/L
R? 0.9974 0.9942 0.9979
LOD 12.7 mg/L 5.36 pg/L 0.68 pg/L
LOQ 28.37 mg/L 16.54 pg/L 1.74 pg/L
%recovery (%RSD)* 91 (9) 114 (6) 117 (1)
todide In egg N/A 1.06 pg/g (6) 1.11 po/g (0.1)
(%RSD)**

# Working range
N/A - not available
*N=3

** N=4

From Table 4-2, the flow injection analysis with amperometric detection using
boron-doped diamond was observed the linear range, LOD and LOQ in the higher
concentration level. This method cannot be used in the lower concentration level. In
addition, the repeatability-of the method and life time of BDD electrode decreased it
could be the adsorption ‘of product or complex matrix occurs on the BDD electrode
surface. Pulsed amperometric detection was widely used for cleaning and improving
reproducible electrode activity [25-26]. The catalytic colorimetric method gave the
better LOD and LOQ than the FI-PAD-BDD. However, the FI-PAD-BDD gave the
wider linear dynamic range than other method it can be used in the lower level
similarly to the catalytic colorimetric method. The FI-PAD-BDD gave the precision
and accuracy similarly to the catalytic colorimetric method. It can be expected that the

FI-PAD-BDD may be applied for the determination of iodide ion in egg samples.
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The FI-PAD-BDD was applied for the determination of iodide in egg samples
and result was compared with that obtained by catalytic colorimetric method. The
sample solution was injected under the same condition as that of the standards
solution. The iodide concentration was calculated from calibration equation and was
1.06 pg/g of egg with 6%RSD (N=4). The catalytic colorimetric method was applied
for the determination of iodide in egg sample. The iodide concentration was
calculated from calibration equation and was 1.11 ug/g of egg with 0.1% RSD (N=4).
The FI-PAD-BDD was successfully applied for determination of iodide in egg
samples, eliminated the adsorption on BDD electrode surface, increased life time of
BDD electrode and decreased LOD and LOQ.

The systematic error was studied to confirm that it was real iodide signal. The
experiment was performed by spiked 20 pg/g standard iodide solution and 100 ug/g
standard iodide solutions into egg samples. The results were compared. The signal of
spiked 20 pg/g standard iodide solution was 3.00 pg/g of egg with 9.70%recovery
(6%RSD, n=4). The signal of spiked 100 pg/g standard iodide solution was 11.54
pa/g of egg with 8.54% recovery (2%RSD, n=4). From the results, it could confirm
that the signal from FI-PAD-BDD was real iodide signal. The recovery was 8 to 10
%r, which could be the effect of microdialysis sampling. The optimum condition for

the microdialysis sampling would be further studied.
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CHAPTERV

CONCLUSION AND SUGGESTION OF FUTURE WORK

5.1 Conclusion

The electrochemical techniques were developed for determination of iodide ion
in egg samples. The electrochemical reaction of iodide was investigated at BDD
electrode and GC electrode by cyclic voltammetry. It was found that the iodide
provided well-defined cyclic voltammograms at both electrodes. However, the
background current of BDD electrode was much lower than the background current of
GC electrode. Therefore, the BDD electrode was chosen for this work.

The optimal potential of flow injection analysis with amperometric detection
was studied by hydrodynamic Voltammetry at BDD electrode by the flow injection
analysis. The flow injection analysis condition was carried out using the mobile phase
of phosphate buffer (60 mM, pH 5) at a flow rate of 1.0 mL/min at room temperature.
The method evaluation of flow injection analysis with amperometric detection using
boron-doped diamond were obtained the linear dynamic range, LOD and LOQ in the
higher concentration level , hence flow injection analysis with amperometric detection
using boron-doped diamond cannot be used in the lower concentration level. In
addition, the repeatability of the method and life time of BDD electrode decreased
when used this method for the determination of iodide ion in egg samples. It could be
the adsorption of product or complex matrix occurs on the BDD electrode surface.

Pulsed amperometric detection was widely used for cleaning and improving
reproducible electrode activity. The PAD waveform parameters including Eget, tael, tint,
Eoxd: toxd, Ered and treq Were optimized at BDD electrode by flow injection analysis.
The flow injection analysis condition was carried out using the mobile phase of
phosphate buffer (60 mM, pH 5) at a flow rate of 1.0 mL/min at room temperature.
The method evaluation of FI-PAD-BDD was obtained the concentration level of
linear dynamic range, LOD and LOQ similarly to the catalytic colorimetric method

and the wider linear dynamic range than the catalytic colorimetric method.
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The electrochemical methods were attempted to apply for determination of
iodide in egg samples. Unfortunately, the sample matrices after sample preparation
step for which alkali dry ashing was used, were incompatible with the electrochemical
techniques. The sample matrices were highly basic, which were inappropriate for
electrochemical reaction of iodide. Moreover, the ashing residue might cause some
clogging to the injection valve in the flow injection system. The samples need to be
neutralized and filtered, which might lead to losses and contamination. Alternatively,
microdialysis sampling was employed for retrieving iodide ion from egg samples.
Since the microdialysis sampling was introduced in this work and not in the main
objective in the first place, the optimum conditions for the microdialysis sampling do
not studied at this time. However, the comparative results of using microdialysis
sampling with electrochemical methods were preliminarily investigated.

The FI-PAD-BDD was applied to egg sample and the result was compared
with the catalytic colorimetric method. The FI-PAD-BDD and catalytic colorimetric
method were 1.06 pg/g of egg with 6%RSD for 4 duplicate of sample solution and
1.11 pg/g of egg with 0.1% RSD for 4 replicate of sample solution, respectively.
From the results, the FI-PAD-BDD was similarly to the catalytic colorimetric method.
The systematic error was studied to confirm that was real iodide signal. The
advantage of FI-PAD-BDD over the catalytic colorimetric method was the wider

linear dynamic range.

5.2 Suggestion of future work

Since, the FI-PAD-BDD has been applied with microdialysis sampling for
determination of iodide in egg samples, the effect of microdialysis sampling
conditions shall be studied, such as the extraction fraction (EF), permeability factors,
temperatures stability, performances and characteristics of hollow fiber membrane.
Furthermore, the microdialysis sampling can be developed for online system with Fl-
PAD-BDD and can be developed for automatic system with sequential injection
analysis (SIA).
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Table A-1 The current responds of optimization pH by cyclic voltammetry using
BDD electrode.

Oxidation Reduction
triiodide iodine triiodide iodine
E/V i/uA E/V i/uA E/V i/uA E/V i/uA
0.586 17.81  0.869 11.36 0522 -2048 0.801 -2.755
pH3 0.591 17.14  0.869 1208 0522 -20.62 0.801 -3.548
0.591 16.75  0.659 10.18 0522  -13.47 0583 -10.83
0.596 18.02 0.825 10.89 0522 -19.68 0.742  -4.032
pH4 0.593 1766 0825 1123 0522 -19.38 0.745  -4.127
0.591 17.54 0.654 11.63 0.52 -14.02 0.571 -11.88
0.593 17.66. = 0.764 9.74 0522 -16.66 0.676  -5.619
pH5 0.588 17.07  0.764 8.85 0522 -16.98 0.679 -5.761
0.588 1529 0647 7932 0525 -1153 0564 -10.52
0.598 17.87 . 0.679 8.69 0.53 -15.33  0.605  -9.462
pH6 0.598 1793 0684 1014 0527 -13.84 0.605 -9.499
0.593 18.14  0.635 5481 0527 -7.504 N/A N/A
0.591 13.69  0.620 5:55 0.53 -20.49 N/A N/A
pH7 0.596 14.75 0.613 6.02 0.535 -19.45 N/A N/A
0.591 16.84  0.627 6.64 0527  -19.46 N/A N/A
0.652 27.60 N/A N/A 0537  -22.55 N/A N/A
pH8 0.642 27.90 N/A N/A 0.535 | -23.35 N/A N/A
0.600  26.87 N/A N/A 0.532  -20.64 N/A N/A

N/A —not available due to 13" and I, were overlapped.
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Table A-2 The current responds of optimization pH by cyclic voltammetry using GC

electrode.
Oxidation Reduction
triiodide iodine triiodide iodine

E/V i/UA E/V i/UA E/V I/UA E/V i/uA
0.491 16.42 0.686 1351 0420 -1547 0.603 -10.93
pH 3 0.491 16.53 0.684 1232 0420 -1449 0598 -10.58
0.491 16.75 0.659 10.18 0422 -1347 0.583 -10.83

0.491 16.66 0.657 10.26 0422 -12.69 0.574 -9.71
pH4 0.491 17.54 0.654 1163 0420 -1402 0571 -11.88
0.491 17.85 0.654 1157 0422  -1269 0571 -12.46
0.491 15.68 0.649 8.59 0425 -11.20 0571 -11.00
pH5 0.488 15.29 0.647 7.93 0425 -11.53 0.564 -10.52
0.488 15.53 0.647 8.26 0422 -11.53 0.564 -9.975

0.491 16.36 0.637 7.46 0.425 -9.78 N/A N/A

pHG6 0.488 15.90 0.635 975 0422 -11.58 N/A N/A
0.491 16.84 0.627 6.64 0.427/ - -8.767 N/A N/A

0.583 24.22 N/A N/A 0.432  -20.64 N/A N/A

pH7 0.576 24.15 N/A N/A 0432 -19.70 N/A N/A
0.566 23.65 N/A N/A 0432 -19.64 N/A N/A

0.493 25.67 N/A N/A N/A N/A N/A N/A

pHS8 0.503 26.93 N/A N/A N/A N/A N/A N/A
0.500 26.87 N/A N/A N/A N/A N/A N/A

N/A — not available due to 13" and I, were overlapped.



Table A-3 The current responds of varies scan rate at BDD electrode.

Oxidation
scanrate  sca rate'? triiodide iodine

mV/s (mV/s)'? EIV i/A ENV iA
0.537 3.04 0.789 0.50

10 3.162 0.537 3.04 0.789 0.50
0.537 2.98 0.767 0.40

0.544 3.59 0.750 0.45

25 5.000 0.544 3.59 0.750 0.45
0.547 3.46 0.776 0.60

0.562 4.88 0.798 1.04

50 7.071 0.562 4.88 0.798 1.04
0.562 4.86 0.798 1.01

0.569 5.88 0.803 1.20

75 8.660 0.569 5.88 0.803 1.20
0.571 5.95 0.818 1.59

0.579 6.75 0.820 1.55

100 10.000 0.579 6.75 0.820 1.55
0.579 6.72 0.813 1.33

0.601 9.43 0.854 2.62

200 14.142 0.601 9.43 0.854 2.62
0.601 9.40 0.840 2.01

0.615 11.40 0.862 2.75

300 17.321 0.615 11.40 0.862 2.75
0.615 11.38 0.864 2.84

0.627 12.97 0.886 3.68

400 20.000 0.627 12.97 0.886 3.68
0.630 12.87 0.894 3.99
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Oxidation
scan rate sca rate™? triiodide iodine
mV/s (mV/s)Y2 E/V i/A E/V i/A
0.640 14.06 0.896 3.42
500 22.361 0.640 14.06 0.896 3.42
0.637 14.19 0.901 3.86
Table A-4 The current responds of varies scan rate at GC electrode.
Oxidation
scanrate  scan rate™? triiodide iodine
mV/s (mV/s)"” E/V i/uA E/V i/HA
0.498 8.07 0.654 741
10 3.162 0.498 8.10 0.654 6.83
0.498 8.29 0.652 7.32
0.496 12.96 0.649 7.86
25 5.000 0.493 12.66 0.649 8.25
0.493 12.71 0.649 8.68
0.488 17.25 0.649 11.42
50 7.071 0.491 17.47 0.649 10.80
0.491 17.63 0.645 8.41
0.491 21,72 0.649 11.31
75 8.660 0.488 21628 0.654 12.33
0.488 21.26 0.652 12.29
0.491 25.22 0.659 13.59
100 10.000 0.491 24.74 0.654 13.12
0.488 25.01 0.657 12.53
0.491 35.67 0.671 17.27
200 14.142 0.491 35.09 0.669 14.54
0.491 36.14 0.671 14.39
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Oxidation
scanrate  scan rate™? triiodide iodine

mV/s (mV/s)Y? E/V i/HA E/V i/HA
0.491 43.46 0.684 18.96

300 17.321 0.493 44,31 0.684 15.16
0.496 44.28 0.686 16.06

0.498 51.27 0.698 20.4

400 20.000 0.496 51.28 0.698 19.61
0.496 oL e 0.701 21.32

0.500 57.32 0.710 19.90

500 22.361 0.500 56.98 0.710 19.75
0.498 57.39 0.710 21.42
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Table A-5 The current responds of hydrodynamic voltammetry for Fl-amperometry
with BDD electrode of 100 mg/L iodide in 60 mM phosphate buffer (pH 5) at various

potentials.

Potential Noise Signal current SIN

(V vs Ag/AgCl) (N/pA) (S/uA) (LA)
0.0017 0.0197 11.5439
03 0.0017 0.0201 11.6628
0.0016 0.0225 14.0813
0.0016 0.0219 13.6750
0.0031 0.0442 14.3636
04 0.0029 0.0343 11.9547
0.0027 0.0354 13.2547
0.0027 0.0496 18.5149
0.0039 0.0670 17.0969
05 0.0038 0.0595 15.4870
0.0036 0.0641 17.8496
0.0036 0.0611 17.0111
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Potential Noise Signal current S/N
(V vs Ag/AgCl) (N/pA) (SIpA) (HA)

0.0058 0.1215 20.9483

0.0053 0.1301 245472

- 0.0051 0.1797 35.5842
0.0050 0.1926 38.5200

0.0107 4.0170 375.4206

07 0.0098 4.2470 433.3673
0.0094 4.2730 4545745

0.0089 4.2690 479.6629

0.0184 9.5270 517.7717

0.0171 9.5810 560.2924

o8 0.0164 9.6940 591.0976
0.0161 9.6640 600.2484

0.0324 14.9700 462.0370

0.0292 14.9000 510.2740

o 0.0278 14.8700 534.8921
0.0266 14.8500 558.2707

0.0590 20.0900 340.5085

. 0.0510 20.0900 393.9216
0.0510 19.9800 391.7647

0.0510 20.1000 394.1176

0.0940 25.3000 269.1489

1 0.0810 25.2400 311.6049
0.0760 25.2600 332.3684

0.0720 25.4200 353.0556

0.1550 29.9700 193.3548

Lo 0.1400 30.0600 214.7143
0.1330 29.9500 225.1880

0.1220 30.1700 247.2951
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Table A-6 FI-PAD-BDD response as a function of tqe for 100 mg/L of iodide at the
boron-doped diamond electrode.

time (msec) Noise Signal current S/IN
(N7pA) (S/pA) (HA)
0.0032 5.3040 1662.6959
0.0032 5.3150 1666.1442
200 0.0032 5.2960 1660.1881
0.0032 5.2130 1634.1693
0.0032 5.2560 1647.6489
0.0032 5.0820 1593.1034
0.0032 5.9010 1849.8433
0.0032 6.1050 1913.7931
0.0032 5.6740 1778.6834
100 0.0032 5.9810 1874.9216
0.0032 6.1740 1935.4232
0.0032 5.4090 1695.6113
0.0032 7.3600 2307.2100
0.0032 7.2900 2285.2665
0.0032 6.8520 2147.9624
% 0.0032 6.9530 2179.6238
0.0032 7.5470 2365.8307
0.0032 7.5330 2361.4420
0.0032 7.9490 2491.8495
0.0032 7.9220 2483.3856
0.0032 7.8480 2460.1881
%0 0.0032 8.0570 2525.7053
0.0032 7.5430 2364.5768

0.0032 7.9640 2496.5517




time (msec) Noise Signal current SIN
(N/uA) (SIHA) (HA)
0.0032 8.0430 2521.3166
0.0032 8.4060 2635.1097
20 0.0032 8.4170 2638.5580
0.0032 7.7910 2442.3197
0.0032 7.8390 2457.3668
0.0032 8.3630 2621.6301
0.0032 8.5030 2665.5172
0.0032 8.3170 2607.2100
0.0032 8.3060 2603.7618
®0 0.0032 8.1060 2541.0658
0.0032 8.6460 2710.3448
0.0032 8.1640 2559.2476
0.0032 9.0630 2841.0658
0.0032 8.9720 2812.5392
0.0032 8.9490 2805.3292
>0 0.0032 9.0910 2849.8433
0.0032 9.1070 2854.8589
0.0032 8.9470 2804.7022
0.0032 9.5330 2988.4013
0.0032 9.1420 2865.8307
H 0.0032 9.1210 2859.2476
0.0032 8.9140 2794.3574
0.0032 9.6090 3012.2257
0.0032 9.6130 3013.4796
0.0032 9.8410 3084.9530
0.0032 10.1900 3194.3574
0.0032 10.1600 3184.9530
%0 0.0032 10.2900 3225.7053
0.0032 10.0600 3153.6050
0.0032 10.3100 3231.9749
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Table A-7 FI-PAD-BDD response as a function of t,; for 100 mg/L of iodide at the
boron-doped diamond electrode.

ime/msec Noise Signal current SIN
(N/pA) (S/pA) (HA)
0.0032 1.8890 592.1630
0.0032 2.1970 688.7147
700 0.0032 2.1700 680.2508
0.0032 2.0320 636.9906
0.0032 1.9500 611.2853
0.0032 1.8920 593.1034
0.0032 2.5160 788.7147
0.0032 2.6840 841.3793
0.0032 2.6220 821.9436
>0 0.0032 2.7460 860.8150
0.0032 2.7270 854.8589
0.0032 2.7000 846.3950
0.0032 3.9970 1252.9781
0.0032 3.7790 1184.6395
0.0032 3.9670 1243.5737
300 0.0032 3.9610 1241.6928
0.0032 3.8140 1195.6113
0.0032 3.9160 1227.5862
0.0032 6.6380 2080.8777
0.0032 6.7930 2129.4671
0.0032 6.6780 2093.4169
100 0.0032 6.8230 2138.8715
0.0032 6.8260 2139.8119

0.0032 6.7540 2117.2414
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time (msec) Noise Signal current SIN
(N/uA) (SIHA) (HA)

0.0032 7.6030 2383.3856

0.0032 7.4300 2329.1536

20 0.0032 7.6930 2411.5987

0.0032 7.5080 2353.6050

0.0032 7.5900 2379.3103

0.0032 7.8250 2452.9781

0.0032 8.8440 2772.4138

0.0032 8.7550 27445141

0.0032 8.9930 2819.1223

%0 0.0032 8.8780 2783.0721

0.0032 8.9570 2807.8370

0.0032 9.0150 2826.0188

Table A-8 FI-PAD-BDD response as a function of Eoyq for 100 mg/L of iodide at the
boron-doped diamond electrode.

Potential Noise Signal current SIN
(V vs Ag/AgCl) (N/pA) (S/pA) (LA)
0.00319 1.151 360.815
0.00319 1.186 371.7868
o 0.00319 1.229 385.2665
0.00319 1.188 372.4138
0.00319 1.229 385.2665
0.00319 1.187 372.1003
0.00319 1.129 353.9185
0.00319 1.14 357.3668
0.00319 1.147 359.5611
t 0.00319 1.129 353.9185
0.00319 1.12 351.0972

0.00319 1.161 363.9498




Potential Noise Signal current S/N
(V vs Ag/AgCl) (N/uA) (SIpA) (LA)
0.00319 1.03 322.884
0.00319 0.9516 298.3072
. 0.00319 0.9788 306.8339
0.00319 0.9748 305.5799
0.00319 0.9971 312.5705
0.00319 1.025 321.3166
0.00319 0.8149 255.4545
0.00319 0.8628 270.4702
0.00319 0.8555 268.1818
o3 0.00319 0.8603 269.6865
0.00319 0.8299 260.1567
0.00319 0.8698 272.6646
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Table A-9 FI-PAD-BDD response as a function of toxg for 100 mg/L of iodide at the

boron-doped diamond electrode.

) Noise Signal current S/N
time/msec

(N/uA) (SIpA) (HA)
0.0032 2.1080 660.8150
0.0032 2.2520 705.9561
0.0032 2.2510 705.6426

1000
0.0032 2.1750 681.8182
0.0032 2.1780 682.7586
0.0032 2.1640 678.3699
0.0032 1.8090 567.0846
0.0032 1.7870 560.1881

900 0.0032 1.7600 551.7241
0.0032 1.6780 526.0188
0.0032 1.8520 580.5643
0.0032 1.8110 567.7116
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fime/msec Noise Signal current SIN
(N/uA) (SIWA) (HA)
0.0032 1.9200 601.8809
0.0032 1.9100 598.7461
0.0032 1.7460 547.3354
500 0.0032 1.7750 556.4263
0.0032 1.7120 536.6771
0.0032 1.7980 563.6364
0.0032 1.8190 570.2194
0.0032 1.8980 594.9843
0.0032 1.8800 589.3417
70 0.0032 1.8310 573.9812
0.0032 1.8460 578.6834
0.0032 1.8920 593.1034
0.0032 1.7840 559.2476
0.0032 1.7850 559.5611
0.0032 1.8180 569.9060
o0 0.0032 1.7870 560.1881
0.0032 1.8250 572.1003
0.0032 1.7370 5445141
0.0032 1.7570 550.7837
0.0032 1.6870 528.8401
0N 0.0032 1.7190 538.8715
0.0032 1.5930 499.3730
0.0032 1.6700 523.5110
0.0032 1.6240 509.0909
0.0032 1.6410 514.4201
0.0032 1.5870 497.4922
400 0.0032 1.7180 538.5580
0.0032 1.5910 498.7461
0.0032 1.6950 531.3480
0.0032 1.6920 530.4075
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fime/msec Noise Signal current SIN

(N/uA) (SIWA) (HA)
0.0032 1.5110 473.6677
0.0032 1.6270 510.0313
0.0032 1.6170 506.8966

300 0.0032 1.6200 507.8370
0.0032 1.6080 504.0752
0.0032 1.5380 482.1317
0.0032 1.4310 448.5893
0.0032 1.3930 436.6771
0.0032 1.4620 458.3072

200 0.0032 1.4170 444.2006
0.0032 1.4190 444.8276
0.0032 1.4300 448.2759
0.0032 0.9188 288.0251
0.0032 0.9125 286.0502

100 0.0032 0.9615 301.4107
0.0032 0.9918 310.9091
0.0032 0.9310 291.8495
0.0032 0.9430 295.6113

Table A-10 FI-PAD-BDD response as a function of Erq for 100 mg/L of iodide at
the boron-doped diamond electrode.

Potential Noise Signal current S/N
(V vs Ag/AgCl) (N/pA) (S/pA) (HA)
0.0032 8.8440 2772.4138
0.0032 8.7550 2744.5141
0.0032 8.9930 2819.1223
t 0.0032 8.8780 2783.0721
0.0032 8.9570 2807.8370
0.0032 9.0150 2826.0188
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Potential Noise Signal current S/N
(V vs Ag/AgCl) (N/uA) (SIpA) (LA)
0.0032 4.8320 1514.7335
0.0032 4.9040 1537.3041
0.0032 4.9470 1550.7837
o8 0.0032 4.7540 1490.2821
0.0032 4.8010 1505.0157
0.0032 4.6120 1445.7680
0.0032 2.0360 638.2445
0.0032 2.0660 647.6489
0.0032 2.0990 657.9937
o7 0.0032 2.0900 655.1724
0.0032 2.0970 657.3668
0.0032 2.0230 634.1693
0.0032 1.8150 568.9655
0.0032 1.9860 622.5705
0.0032 1.9290 604.7022
08 0.0032 1.9900 623.8245
0.0032 2.0510 642.9467
0.0032 2.0050 628.5266
0.0032 1.9520 611.9122
0.0032 1.9110 599.0596
o 0.0032 1.8920 593.1034
0.0032 2.1810 683.6991
0.0032 1.8070 566.4577
0.0032 1.8870 591.5361
0.0032 1.1110 348.2759
0.0032 1.1230 352.0376
04 0.0032 1.1040 346.0815
0.0032 1.1420 357.9937
0.0032 1.0880 341.0658
0.0032 1.0540 330.4075
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Potential Noise Signal current S/N
(V vs Ag/AgCl) (N/pA) (S/uA) (HA)
0.0032 1.0580 331.6614
0.0032 1.0460 327.8997
0.0032 1.0130 317.5549
03 0.0032 1.0610 332.6019
0.0032 1.0530 330.0940
0.0032 1.0160 318.4953
0.0032 0.9040 283.3856
0.0032 0.8902 279.0596
0.0032 1.0740 336.6771
o 0.0032 1.0110 316.9279
0.0032 0.9583 300.4075
0.0032 1.0310 323.1975

Table A-11 FI-PAD-BDD response as a function of tq for 100 mg/L of iodide at the
boron-doped diamond electrode.

R, = Noise Signal current SIN
(N/pA) (SIpA) (HA)
0.0032 8.2130 2574.6082
0.0032 8.5780 2689.0282
0.0032 8.6250 2703.7618
300 0.0032 8.5490 2679.9373
0.0032 8.6630 2715.6740
0.0032 8.5520 2680.8777
0.0032 8.8440 2772.4138
0.0032 8.7550 27445141
0.0032 8.9930 2819.1223
200 0.0032 8.8780 2783.0721
0.0032 8.9570 2807.8370

0.0032 9.0150 2826.0188
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_ Background Signal
time/msec ] S/B (UA)
current(B/pA) current(i/pA)
0.0032 9.2610 2903.1348
0.0032 9.2770 2908.1505
100 0.0032 9.3270 2923.8245
0.0032 9.3660 2936.0502
0.0032 9.3950 2945.1411
0.0032 9.3650 2935.7367
0.0032 9.6430 3022.8840
0.0032 9.6090 3012.2257
0.0032 9.6420 3022.5705
% 0.0032 9.6680 3030.7210
0.0032 9.4920 2975.5486
0.0032 9.5860 3005.0157
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