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Abstract

Determination of Iodate in Table Salt by Deep Eutectic Solvent Liquid-Liquid

Microextraction Prior to Smartphone Digital Image Colorimetry

Venn, Calvin Michan Olabodae
M.Sc., Department of Analytical Chemistry
Supervisor: Dr. Jude Joshua Caleb
January 2023, 68 Pages

In this study, the quantitative investigation of iodate in table salt by combining a
green extraction technique with a unique and simple detection system is proposed.
Deep eutectic solvent liquid-liquid microextraction (DES-LLME) method is
combined with smartphone digital image colorimetry (SDIC) for the quantitative

determination of iodate in table salt.

To capture reproducible images of the redox-enabled samples, an aluminum
colorimetric box was built in-house. To achieve optimum conditions for the proposed
system, parameters influencing the performance of both the DES-LLME and SDIC
techniques were fine-tuned. The volume of DES (1000 pL), molar ratio of the DES
(1:5), and the impact of an emulsifying agent are all optimal conditions for the DES-

LLME that were studied.

A 0.6 ug g! concentration was determined as the lowest quantified concentration
(LOD) of the proposed system with an Enrichment factor of 12.0. A correlation of
concentration and absorbance exhibiting satisfactory proportion (linearity), thus
demonstrating a well-fitted regression model (R>= 0.9992) was attained. Percentage
relative standard deviation (%RSD) was obtained below 5.9% with good Intraday

and Interday precision at 2.2 and 5.5 respectively.

Keywords: Smartphone digital image colorimetry, optimization, deep eutectic

solvents, liquid-liquid microextraction, images, channel.



Oz
Akilli Telefon Dijital Goriintii Kolorimetrisi Oncesinde Derin Otektik Céziicii

S1vi-Sivi Mikro Ekstraksiyonu ile Sofra Tuzundaki Iyoda Tayini

Venn, Calvin Michan Olabodae
Yiiksek Lisans, Analitik Kimya Anabilim Dah

Damisman: Dr. Jude Joshua Caleb
Ocak 2023, 68 Sayfa

Bu ¢aligmada, yesil bir ekstraksiyon teknigi ile benzersiz ve basit bir tespit sistemi
birlestirilerek sofra tuzundaki iyodatin niceliksel olarak aragtirilmasi onerilmistir.
Derin 6tektik ¢oziicii sivi-sivi mikroekstraksiyon (DES-LLME) yontemi, sofra
tuzundaki iyodat miktarinin belirlenmesi i¢in akilli telefon dijital goriintii

kolorimetrisi (SDIC) ile beraber kullanilmistir.

Redoks 6zellikli 6rneklerin tekrarlanabilir goriintiilerini yakalamak i¢in sistem i¢i bir
aliminyum kolorimetrik kutu yapilmistir. Uygulanan sistemde optimum kosullar1
elde etmek i¢in, hem DES-LLME hem de SDIC tekniklerinin performansini
etkileyen parametreler ayarlanmistir. DES-LLME i¢in en uygun kosullar DES'in
hacmi (1000 uL), DES'in molar orani1 (1:5) ve bir emiilsifiye edici maddenin etkisi

icin belirlenmistir.

0,6 png g'! konsantrasyonu, 12,0'lik iyilestirme faktorii ile 6nerilen sistemin en diisiik
nicel konsantrasyonu (LOD) olarak belirlenmistir. Anlamli bir oran (dogrusallik)
sergileyen, dolayisiyla uyumlu bir regresyon modeli (R? = 0.9992) gosteren bir
konsantrasyon ve absorbans korelasyonu elde edilmistir. Yiizdelik bagil standart
sapma (%RSD), sirastyla 2,2 ve 5,5 olarak giin i¢i ve giin aras1 duyarlilik ile

Olclilmiis ve %5,9'un altinda elde edilmistir.

Anahtar Kelimeler: Akilli telefon dijital goriintii kolorimetrisi, optimizasyon, derin

otektik ¢oziiciiler, s1vi-sivi mikro ekstraksiyon, goriintiiler, kanal.
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CHAPTER 1

Introduction
The human body requires different nutrients for specific functions.
Metabolism, eudemonia, and physiological improvement are functions that rely on
the micronutrient iodine, which is primarily responsible for the development of the
thyroid hormones, triiodothyronine (T3) and thyroxin (T4). A lack or shortage of
iodine ultimately results in impairment in neural functions and body growth

(Hassanien et al., 2003).

Iodine influences general metabolism and is essential for fetal and infant
neurodevelopment as well as organ and tissue function. A healthy human body has
15-20 mg of iodine, with the thyroid gland accounting for 70-80%. Thyroid
hormones are required for a wide range of physiological functions in almost all
species, including physiological improvement, energy production, and organ growth,
particularly in the brain. As a result, a shortage of iodine throughout crucial times of
life can disrupt thyroid hormone formation, resulting in a metabolic slowdown and

lasting brain impairment (Brough, 2021).

Nearly one-quarter of the world’s population reside in regions with soil
lacking in iodine, making it an official global concern. Women who show a shortage
of iodine may give birth to children susceptible to attention deficit hyperactivity

disorder (ADHD) (Azizi et al., 2003).

Even a minor iodine deficit can have a negative impact on a child's intellect
and performance. Inherited low-iodine synthesis due to low hormone production by
the thyroid gland is a dangerous disorder that affects neurological function
permanently. Breastfed babies are fully reliant on the iodine content level in the
lactating mothers' milk, making the babies more susceptible if the moms are lacking

in iodine (Delange, 2001).

Excess iodine in the body, on the other hand, can cause hypothyroidism and
hyperthyroidism. Another supplementary source of iodine is seafood, containing
substantial levels, as reported by the iodine concentration study in drinking water and
food (Dahl et al., 2004). It is however not quite sustainable as an iodine intake
source, especially for women that are pregnant as the level of iodine is not sufficient

for daily demand (Hatch-McChesney & Lieberman, 2022).
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The primary source of iodine intake for humans is iodized table salt, with
eggs, cereals, vegetables, and milk serving as supplementary sources (Kulkarni et al.,
2013). In the past, potassium iodide was used to iodize table salt, however,
potassium iodate is now more routinely used to avoid iodine shortage (Mortazavi &

Farmany, 2014).

Changes in salt fortification, storage, shipping, and cooking processes can all
result in insufficient daily iodine intake, which necessitate the need for iodine level

evaluation in both primary and secondary sources.

Benefits of lodized Table Salts

Healthy Pregnancy Support

Functions such as brain and bone development in babies are aided by the
proper consumption of iodized salt, which also helps in the prevention of
significantly delayed physical and cognitive development of an unborn baby
(Awuchi et al., 2020). This impairment can cause a child to lose speech and hearing,
as well as affect his or her physical motions. Miscarriages and under-production of
thyroid hormones in pregnant women can be avoided with a healthy iodine level.
Thyroid issues can arise or worsen during pregnancy and are frequently alleviated by

increasing iodine levels (Jiskra et al., 2014).

Healthy Heart Promotion and Hydration

lIodized salt aids in the production of hormones that regulate heart rhythm and
blood pressure. It also aids in the burning of fat aggregation which may lead to heart
complications (Cappuccio, 2013). The replacement of body fluids and electrolyte
regulation is improved by adequate salt consumption, as the efficient operation of

body systems and organs is dependent on this equilibrium.

Boost Thyroid Function
Iodine is required by the thyroid gland to boost the production of thyroid
hormones such as T3 and T4. These hormones are essential for good health because

they control blood pressure, body temperature, and heart rate (Obregon et al., 2005).
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Thyroid hormones are also required for proper bone and brain development during

pregnancy and infancy.

Toxins and Bacteria Removal and Prevention

Certain categories of metals are quite harmful to the human body, including
lead and mercury, which with proper iodized salt intake are repelled as body
pollutants (Sachdev, 2022). Through this process a healthy pH level is restored and
sustained. Tiredness, headaches, and irregular digestive tract movements which can
be induced by pathogenic bacteria can also be prevented with proper iodized salt

intake (Awuchi et al., 2020).

Sources of Iodine and Salt Iodization

The ocean is the primary source of iodine in the environment. Elemental
iodine in the water is volatilized and returned to the soil via rain. lodine's geographic
distribution has been influenced by glacial, flooding, and leaching into the soil
(Niwattisaiwong et al., 2017). Because of slower iodine cycling, mountainous places
(e.g., the Alps, Andes, and the Himalayas) and areas with frequent flooding generally
have iodine-deficient soil (Fuge, 2013). Iodine is abundant in seafood because
marine plants and animals concentrate iodine from seawater. Other foods' iodine
level varies greatly depending on the source and any additives. Radiographic
contrast, bread containing iodate dough conditioners, red food coloring (erythrosine),
and medications such as amiodarone are less prevalent sources of iodine

(Zimmermann, 2009).

Recommended intake of Iodine

When the supply is adequate, the thyroid takes 50-60 pg of iodine each day to
maintain homeostasis and hormone production. A set of dietary intake levels is
recommended by the WHO and national academy of medicine (USA), children 9 to
13 years old a minimum level of 120 pg, males and females 14 years and above 150

pg and for pregnant and lactating mothers, 220 pg and 290 pg respectively. People
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18 years and over lacking in iodine due to medical conditions are recommended a

dietary upper intake level of 1100 pg (Jooste & Strydom, 2010).

Iodine Deficiency

More than a quarter of the global populace is affected by iodine deficiency
resulting in the shortage of a vital body nutrient. Such a lack has been investigated to
be the prevalent basis of goiter, which affects an approximate number of 2.2 billion
individuals globally; however, not all goiters are caused by a lack of iodine
(Andersson et al., 2007). The severity of iodine deficiency determines the frequency
and severity of IDD. Low-deficiency individuals are prone to thyroidal infections,
spanning from enlarged thyroid glands to formulation of region-specific goiter
(endemic) as a result of low soil iodine levels (World Health, 2007). Severe
deficiency causes diminished sexual productiveness and brain damage in adults
(Mathews et al., 2021). Cognitive and physiological growth disabilities are also
possible in children and infants (Delange, 2001).

Impact of High Iodine Intake

It can be challenging to diagnose high iodine status as it is infrequent. But as
a yardstick measurement, a urinary iodine concentration of more than 250 pg/L
median implies the possibility of excess (World Health, 2013). Excessive iodine
consumption can cause hyperthyroidism, autoimmune thyroid disease, and papillary
thyroid carcinoma. High levels in healthy persons can limit thyroid hormone
synthesis, leading to increased thyroid hormone stimulation, enlargement, and
formation of diffuse goiters as a result of limited thyroid hormone synthesis. The
development of nodular goiter on the other hand which is most prevalent in elderly
people is a consequence of the acute increase and sudden change in iodine
consumption, most commonly noted in severe iodine deficit populations

(Zimmermann, 2009; Zimmermann et al., 2008).
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Highlight of the Problem
Despite the multiple advantages offered by the available approaches for
determining iodate in table salt, they necessitate complex instrumentation, extensive

skill, and/or a high analytical cost.

Therefore, the development of an easy to-use, inexpensive, fast and simple procedure
for adherence to the recommended daily intake level of iodine (90-250ug) stipulated
by the WHO and for quality control, is critical.

Objective of the Study

The study aims at establishing a green approach directed at the extraction,
enrichment, and detection of iodate present in table salt by combining Deep Eutectic
Solvent-Liquid Liquid Micro-extraction (DES-LLME) as a micro-extraction
technique and Smartphone Digital Image Colorimetry (SDIC) as a detection

technique.

Research Questions and Hypothesis
Considering the problem stated, it is thus necessary to formulate an approach to
address the problem, highlighting some research questions to form a pathway. These

research questions are;

e Is it conceivable for microextraction techniques to replace traditional

extraction techniques in the analysis of complicated matrices?

e Are there other qualitative or quantitative procedures that produce
comparable results to advanced instrumental processes but at an inexpensive

cost?
e For trace and ultra-trace determination how sensitive will the method be?

e Can there be an improvement in the developed method’s selectivity and

sensitivity using a specific wavelength as a light source?

e Will the described approached be efficient and robust in the detection of

analytes in complicated matrices?
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Significance of the Study

A green microextraction procedure (Deep eutectic solvent liquid-liquid
microextraction) combined with a simple alternative detection technique
(smartphone digital image colorimetry) and thus enhancing sensitivity and
selectivity, can produce comparable results and performances to high-end complex
instrumental methods at a reduced cost and with less dependence on electrical
energy, thereby being incredibly advantageous to under-funded institutions,

laboratories, and industries in emerging regions.
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CHAPTER II

Literature Review

Theoretical Framework

Many analytical methods for detecting and monitoring iodine in salt, food,
and human samples are currently available. The yardstick method for the quantitation
of this analyte in table salt has been over the years fundamentally conducted by the
traditional iodo metric titrimetric analysis, involving the reaction of iodate with
iodide to liberate iodine in the presence of an acid, followed by a reaction with the

oxyanion thiosulfate in the presence of starch as an indicator.

Other techniques include iodometric reaction in the presence of sodium
acetate (Kulkarni et al., 2013), flow injection amperometry (Jakmunee & Grudpan,
2001), high-performance liquid chromatography with diode array detector (HPLC-
DAD) (Gupta et al., 2011), ion chromatography with integrated amperometric
detection (Gosh & Lal, 2010), and spectrophotometric determination with UV (Silva
et al., 1998).

Deep Eutectic Solvents

The hunt for metal-free ionic liquids (ILs) became increasingly popular once
the notion of green chemistry was introduced in the early 1990s. The development of
ionic liquids by the combination of an organic cation with a wide range of anions
such as BF4, PF6, and Cl as the most frequent through a great deal of effort resulted

in them emerging as a promising sect of solvents (Seddon & Volkov., 2003).

The ability of ILs to change chemically their cationic capability in
conjunction with an array of anions has provided scientists with a diverse range of
ILs exhibiting characteristic properties such as melting point, density, and
refractivity. ILs were designated as green solvents due to their low vapor pressure
and high boiling point, which promotes recycling. However, the "green affiliation" of
these specialized solvents was widely disputed in published literature. Many
investigations have highlighted the hazardous toxicity and poor biodegradability of
most ILs. High-purity ILs are also essential since contaminants, even in tiny levels,

influence their physical properties (Earles et at.,2004; Hou et al., 2008).
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Furthermore, the substantial amount of salt and large volume of solvent
needed to thoroughly exchange the ions for IL formulation is not ecologically
beneficial. Such disadvantages, coupled with how expensive these liquids are,
stagnated their growth industrially, giving rise to the need and urgency for

procedures that will enable their use sensibly (Romero et al., 2008).

The expensiveness and toxic nature of ILs were subsequently addressed by
the emergence of a new sect of solvents, called Deep Eutectic Solvents (DESs),
which are the result of the combination of two safe, biodegradable, and cheap

constituent making a low-temperature mixture.

Since the discovery of DES as green alternatives and replacements for toxic
solvents by Abbott et al. in 2003, they have heightened the interest of researchers in a
broad range of applications, such as extractions. According to the report by Abbott
et al., DES was formed upon combining choline chloride with urea, giving a melting
point of 12 degrees Celsius. The mixing of urea molecules with ions of chloride
reduced the melting point significantly. DES was also figured to be produced from

the mixing of carboxyl group acids with choline chloride (Abbott et al., 2004).

To make a low, melting point DES, two constituents with nontoxic properties
and high melting points, hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD) are commonly employed. A key characteristic of these innovative solvents is
their capacity to generate a wide range of nontoxic low melting point drop mixtures
with varied physical as well as chemical properties by just altering one or both

components (Pena-Pereira & Namiesnik., 2014).

The first set of DES produced were water-loving highlighting their capacity
to form hydrogen bonds and were categorically used for the extraction of hydrophilic
analytes from solids or hydrophobic samples, with notable applications of such
hydrophilic DES including organic synthesis, biofuel processing, and catalysis.
However, in 2015, the theory of hydrophobic DES, through the coupling of capric
acid with different quaternary ammonium salts for extraction of hydrophobic
analytes was established by Van Osch and his colleagues. Onwards, there has been a
variety of hydrophobic DES proposed for analytical applications. The significant

physicochemical features of DES, ranging from their tuneability to their
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nonflammability have earned them widespread recognition in the analytical

chemistry sphere (van Osch et al., 2015).

Synthesis Of DES

The formation of a DES is a straightforward process completed in one-step.
Typically, no byproducts are created, and neither solvent nor final product
refinement is needed. Except for a few combinations that demand higher
temperatures, the majority of DES can be produced by mechanically combining
HBD and HBA at temperatures 50-100 °C in the right molar ratio. (Zahrina &
Mulia., 2017).

The constituents are combined, followed by heating of the combination until
a clear, colorless, and consistent single-phase liquid is formed. This considerably
reduces the cost of DES manufacturing compared to IL synthesis, which requires
expensive starting materials and many purification stages. The purity of the raw
starting ingredients generally controls the purity of the synthesized DES, thus

making the reaction 100% in atom economy.

However, regardless of the preparation process, intense heat may potentially lead to

the deterioration of the deep eutectic solvent (Rodriguez et al. 2019).

The grinding process involves combining the compounds at room
temperature and crushing them with a pestle in a mortar until a clear liquid forms

(Florindo et al. 2014).

Furthermore, because the precursors for these green solvents are widely
reachable and affordable, DES may be produced on a large scale in industrial
production (Russ & Koing, 2012). They have also been manufactured from aqueous
solutions in some situations by grinding in a mortar, freezing drying or extruding
(Gutierrez et al., 2009). Vacuum evaporation has also been proposed, which
fundamentally involves the dissolution of the constituents in water followed by
evaporation at a temperature of 50°C by using a rotary evaporator and drying by

silica gel absorption.
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Figure 1

The Evolution of DES Within the Last Decade
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(Environmental Chemistry Letters (2021) 19:3397-3408)

Classes of DES

By mixing quaternary ammonium salts, an HBA, with metal salts at room
temperature, molten salts were produced. Deep eutectic solvents are defined by the
generalized formula Cat+XzY, where Cat+ is any ammonium, phosphonium, or

sulfonium cation in theory, and X is a Lewis base, typically a halide anion.

The complex anionic species are generated when X reacts with a Lewis or
Bronsted acid Y (z denotes the number of Y molecules that interact with the anion).
Classification of the deep eutectic solvent is dependent on the agent of complexation
used. The first types and second types are utilized to produce water-loving DES,
while the third and fourth types are utilized to produce water-repelling DES
(Plastiras & Samanidou, 2022).
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Table 1.

General Formula for the Formation of DES

Type  General Formula Terms
I Ca"X = MClx M =Zn'3% Sn’, Fe, Al%, Ga’,
In!0
11 Ca*X = MClx.yH,0 M = Cr'!, Co, Cu, Ni, Fe
11 Ca'’X'=RZ Z = CONH,,'2COOH,* OH™

IV  MCL+RZ=MCl.*.RZ M= Al, Zn, and Z= CONH,, OH

Mclx+l

American Chemical Society: ( Chemical Review dx.doi.org/10.1021/cr300162p
Chem. Rev. 2014, 114, 11060—11082)

Physicochemical Properties of DES

Properties such as their physicochemical aspects are primary factors for the
expanding attention in deep eutectic solvents. These green solvents can be
chemically fine-tuned to meet certain requirements for specific applications aside
from exhibiting thermal and chemical stability, nonflammability and reduced vapor

pressure and volatility.

Listed below are the principal physicochemical features of DESs;

Freezing Point.

Because DESs are generated as the composition of two solids capable of
producing a new phase, the resulting phase has a lower freezing point than the
separate parts. For example, when ChCl and urea are mixed in a molar ratio of 1: 2,
the freezing point of the eutectic is 12°C, which is significantly lower than the
melting points of ChCl and urea (302°C and 133°C, respectively). The considerable
decrease in freezing point is caused by an interaction between the halide anion and

the hydrogen bond donor component, in this case, urea.



25

Recorded freezing temperatures of all DESs are less than 150°C. In general, DESs
with freezing points lower than 50°C are more appealing since they can be employed

as cheap and safe solvents in a variety of sectors.

Table 2.

Freezing Points of Some Common DES

Hydrogen bond donor (HBD) ChCl: HBD (molar ratio) T w/C Td/C
Urea 1:2 134 12
Thiourea 1:2 175 6
1-Methyl urea 1:2 93 29
1,3-Dimethyl urea 1:2 102 70
1,1-Dimethyl urea 1:2 180 149
Acetamide 1:2 80 51
Benzamide 1:2 129 92
Ethylene glycol 1:2 -12.9 -66
Glycerol 1:2 17.8 -40
2,2,2-Trifluoroacetamide 1:2.5 72 -45
Imidazole 3:7 89 56

Royal Society of Chemistry: (Chem. Soc. Rev., 2012, 41, 7108-7146 7111)

Viscosity.

High viscosity is most usually associated with a DES, which importantly
must be evaluated. Most deep eutectic solvents fall at a viscosity level greater than
100 centipoises (cP) at room surrounding temperature. The exception to this level of
viscosity however is the green solvent mixture of choline chloride and ethylene

glycol (EG).

The high viscosity characteristic of deep eutectic solvents is a result of the
rich hydrogen bond interaction between the various constituents of the mixture,

making the movement of free species within the solvent limited. Most DESs have
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large ion sizes and relatively small void volumes, but additional factors like

electrostatic or Van der Waals interactions may contribute to their high viscosity.

The development of DESs with low viscosities is preferable due to their

potential applications as green media.

Table 3.

Viscosities of some common DES

Quaternary Salts HBD Salt : HBD molar ratio Viscosities (cP)
ChCl Urea 1:2 750 (25 °C)
ChCl Urea 1:2 169 (40 °C)
ChCl EG 1:2 36 (20 °C)
ChCl EG 1:2 37 (25 °C)
ChCl EG 1:3 19 (20 °C)
ChCl EG 1:4 19 (20 °C)
ChCl Glucose 1:1 34400 (50 °C)
ChCl Glycerol 1:2 376 (20 °C)
ChCl Glycerol 1:2 259 (25 °C)
ChCl Glycerol 1:3 450 (20 °C)
ChCl Glycerol 1:4 503 (20 °C)
ChCl 1,4-Butanediol 1:3 140 (20 °C)
ChCl 1,4-Butanediol 1:4 88 (20 °C)
ChCl CF;CONH: 1:2 77 (40 °C)
ChCl Imidazole 3:7 15 (70 °C)

Royal Society of Chemistry: (Chem. Soc. Rev., 2012, 41, 7108-7146)

Density.

A key physical attribute of any solvent and very essential in chemical
reactions. Most documented deep eutectic solvents have densities greater than water,
ranging between 1.0 and 1.3 g/cm? at 25 °C, whereas metal salt-based deep eutectic
solvents have densities in the 1.3-1.6 g/cm? range (Tang & Row, 2013). Hydrophobic

deep eutectics, on the other hand, have lower densities than water (Florindo et al.,
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2019). The density of the deep eutectic solvent is temperature dependent, decreasing
linearly with increasing temperature. Furthermore, the density is affected by the

hydrogen bond donor and the molar ratio (Abbott et al., 2011).

Table 4.

Densities of some Common DES

Salts HBD Salt: HBD (mol : mol) Density (p,g cm™)
EtNH3Cl CF3CONH:2 1: 1.5 1.273
EtNH3Cl Acetamide 1: 1.5 1.041
EtNH;Cl Urea 1:1.5 1.140
ChCl CF3CONH: 1:2 1.342
AcChCl Urea 1:2 1.206
ChCl Urea 1:2 1.25
ZnCl, Urea 1:3.5 1.63
ZnCl, Acetamide 1:4 1.36
ZnCl EG 1:4 1.45
ZnCl, Hexanediol 1:3 1.38
ChCl Glycerol 1:2 1.18
ChCl Glycerol 1:3 1.20
ChCl Glycerol 1:1 1.16
ChCl Glycerol 1:3 1.20
ChCl EG 1:2 1.12
ChCl EG 1:3 1.12

Royal Society of Chemistry: (Chem. Soc. Rev., 2012, 41, 7108-7146)

Polarity.

Polarity is an important feature since it represents a solvent's total solvation
capabilities. Despite its importance, the polarity of deep eutectic solvents has
received little attention and has only lately been addressed. This property is
frequently estimated using solvatochromic factors, which takes into consideration the

hypsochromic or bathochromic shift of UV-vis bands as a function of solvent
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polarity for negatively solvatochromic dyes (e.g., Reichardt's betaine dye) or

positively solvatochromic dyes (e.g., Nile red) (Reichardt, 1994).

Deep Eutectic Solvents in Microextraction

DES:s are useful for a wide range of macro and micro-scale applications, such
as microextractions, due to their particular physicochemical properties. The intensity
of hydrogen bonding between the two components, as well as the molar ratio, all
influence the level of melting point drop. An effective extraction agent can be a

liquid DES generated at ambient temperature.

An important aspect for consideration in the utilization of a DES as a
potential extraction solvent is its density. It is quite easier to collect a DES that is
heavier than water from an aqueous sample solution after extraction (Jia et al., 2020).
In microextractions, low-density DES, having freezing and melting points near that
of ambient temperature, can be collected by solidification of the extracting agent’s

floating droplets (Zeng et al., 2017).

In order to obtain an extraction balance in microextractions, low-to moderate
viscosity solvents are rapidly disseminated by mechanical agitation (Yilmaz &

Soylak, 2020).

Deep Eutectic Solvent as Extraction Solvent in Liquid-Liquid Microextraction

Because of benefits such as simple operation, fast extraction time, high
enrichment factor, and inexpensive analytical costs, liquid-liquid microextraction
(LLME) has received a lot of attention. More importantly, a faster extraction and
shorter analytical time are achieved with LLME employed in batch mode completing
extraction quickly. The use of halogenated solvents, which are denser than water, for
extraction is a significant disadvantage of many current LLME methods. These
solvents are potentially hazardous to both the environment and the analysts due to
their toxicity and volatility. The evolution of "green extraction agents," which meet
the specifications for an extraction agent in traditional LLME processes while also

significantly reducing the volatility and toxicity of the extraction agent (thus
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reducing the risks to operators), has thus piqued the interest of researchers (Zhu et

al., 2018).

The employment of DES in liquid-liquid microextraction has seen a
significant expansion of the volume of applications with respect to analytical
chemistry for the identification of a broad range of analytes constituting a variety of
samples ever since its introduction in 2015 by Dadfarnia. Conclusion of that study
suggested that a 1:1 molar ratio of ChCl: Urea is an inexpensive, safe solvent for the
ligand-free targeting and enrichment of lead and cadmium in culinary oils before

spectroscopic detection (Karimi et al., 2015).

Following this discovery, procedures for the extraction of both inorganic and
organic analytes by liquid-liquid microextraction methods coupled with deep eutectic
solvent were established, improved, then integrated with a wide range of analytical
approaches for analyte identification. Illustrated by the expanding collection of
literature on liquid-liquid microextraction technique based on deep eutectic solvents,
the usefulness of these green solvents in microextraction is highlighted. A large
variety of samples, including food and environmental samples demonstrates the

method's efficacy.

For complicated matrices, sample cleansing is an essential step before LLME.
Deep eutectic solvent-based liquid-liquid microextraction can be used directly on
simpler samples, such as water, without or with limited sample processing, such as
filtering and/or dilution. Prior to DES-LLME, more thorough sample cleansing

methods for complex matrices were developed.
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Figure 2

Applications of the Green Solvent (DES) in Liquid-Liquid Microextraction
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A) the different types of instruments used, (B) volume of DES-LLME publications,
(C) extracted sample types with DES-based LLME, (D) different type of analytes
determined after the application of DES-based LLME. ( Secondary data from “deep

eutectic solvent in microextraction”; Alshana & Soylak., 2021)

Digital Image Colorimetry on a Smartphone

The explanation and quantitation of the human sense of sight is scientifically
called colorimetry, and is generally separated into two classes; an optical form
referred to as visual colorimetry, and an optoelectrical form called photoelectric
colorimetry (Fan et al., 2021). The first uses the naked eye to detect concentration
through observation of color changes, but the latter uses measuring systems like a
spectroscopy, being additionally selective and efficient in measurement which is
more efficient in selectivity and quantitation (Clydesdale, 1978). Due to this,
colorimetric quantitation is being extensively done by photoelectric colorimetry. The

subdivision of colorimetry that digitalizes images taken by digital cameras,
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smartphones and webcams is referred to as digital image colorimetry (Firdaus et al.,

2014).

DIC has gained tremendous momentum in recent years as a result of
mankind’s urgency in the capturing, then distribution of information in real-time.
The most extensively used picture-capturing tools in this regard are smartphones and
digital cameras, due to their obvious mobility, lightweight, and advancement in
camera systems and applications (Coskun et al., 2013). The utilization of the camera
on a smartphone as capturing device for a digital image colorimetric system will
form the basis for subsequent discussions. As a result, smartphone-based digital

image colorimetry will be referred to as SDIC.
There are two primary steps involved in SDIC:
e Capture of image by smartphone

e Measurement of captured image using a processing tool such as ImageJ or

adobe photoshop.

An appropriate colorimetric box is required to be built for this approach to ensure
the capture of consistent images free from daytime interferences, while being

considerate of the essential elements of an optical instrumentation.

Instruments that function in the ultraviolet-visible, visible, and IR region of the
electromagnetic spectrum are referred to as optical instruments. The visible part of
the spectrum is used by SDIC since the human eyes operate in that region. The
development of the colorimetric box, serving as the detection unit of the system, is

based on the primary elements of an optical system.

With all optical instruments, the fundamental components are identical but with
varying configurations depending on their operation specific to an area of the

electromagnetic spectrum (Figure 3) (Skoog et al., 2017).
An optical instrument's basic components are as follows:
e A steady light source that emits radiant power.

e A transparent sample container.
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e A wavelength selector for picking out a certain portion in the electric or

magnetic radiation range for quantitation.

e A detection system that transforms light energy into an electrical

communication to be used.

e A signal converter that depicts the data as a scale.

Figure 3

Configuration of an Optic System
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Assembling of the Colorimetric Detection System

The detection box was designed to look like a fundamental optical
equipment, made from aluminum with dimensions 25 X 18 X 9 cm in length. For
this study, the interior of the in-house built colorimetric box is black, with a
smartphone display serving the single-line light source combined as a wavelength
generator, releasing a distinct path of electromagnetic energy. The other component
of the system includes the sample holder capable of allowing the transmission of
light, a smartphone for image detection and the signal converter which is an open-

sourced ImageJ software.
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Figure 4

Colorimetric Box

25.0 cm

Optimized Parameters of the SDIC System
To ensure greater performance from SDIC, it is necessary to adjust certain crucial

factors, such as;
e Wavelength of the single-line light source.
e Designating the preferred RGB channel.
e Optimal distance between detection camera and sample solution.

e The specified area for measurement (ROI).

Wavelength of the Single Line (Monochromatic) Light Source.

Spectroscopic systems used in the ultraviolet and visible region of the electric
and magnetic range are characterized by higher absorbance range specific to a
variety of analytes, illustrating the importance associated with the monochromatic
wavelength of the light source. Analytes, being specific only to certain wavelengths
of the electromagnetic spectrum are characterized by the vivid response of a

particular color identified upon adjustment of the RGB model. To achieve this



34

optimum response, adjustment of the single-line light source in the RGB color space
is done by utilizing a program that can convert a wavelength to its respective color.
For example, wolfram is a free online converter capable of performing the task of
converting a selected wavelength under the visible region to its corresponding color.
After generating the required color from the online converter, Microsoft paint is
utilized to attribute proper dimensions to it, then transferred via cloud storage or
means to the device selected for the backdrop display. It is paramount to evaluate the
response of a variety of wavelengths corresponding to the associated colors of an

analyte and the wavelength with the strongest signal selected.

Preferred Red, Green, and Blue Channel.

To harmonize and regulate colorimetric quantitation, color spaces such as the
hue-saturation-value model (HSV), the cyan-magenta-yellow-black model (CMYK)
and the red-green-blue model (RGB) were developed (Capitan-Vallvey et al., 2015).
A numerical value, corresponding to the pixel strength of the color model gives
analytical information. This RGB color model, engineered for computer-enabled
display devices, is expressed as a cubic shape in a three-dimensional orientation,
assigning a particular color to one specific apex of the three rectangular axis points.
An element from each of the RGB points contributes, in varying degrees, to the color

tube.

For each of the points on the tube, three numbers are associated
corresponding as triplicates of the Red, Blue, and Green channels, spanning from a
complete black to a complete white, depicted as (0,0,0) and (255, 255, 255),
ultimately creating a number for each channel (Fan et al., 2021), Of the different
channels of this model, a particular channel delivers an optimal signal specific for a
particular analyte, in contrast to the other channels and identified by means of a
unique coloration. A split of the captured image into the respective RGB channels is
quite mandatory to enable the respective selection of the optimum channel. This
process can be achieved using an applicable software program designed to convert
image signals to numerical data, such as the ImagelJ software, from which the
selection of ‘file’ from the user interface followed by ‘open’ is inputted as commands
to navigate the directory in which the acquired image is stored. From the drop-down

menu, choose 'image,' then 'color,' and finally 'split channels.' Three RGB channels
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will be created in the image. The most intense channel can be chosen for analysis. In

this picture, the B channel is the most vivid.

Figure 5
Selection of RGB Channel
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Optimal distance Between Detection Camera and Sample Solution.

Optimizing the length between the sample solution and analyte is necessary
because too near or short a distance gives blurry images, resulting in over pixelation,
which in turn produces images that are unfit for data processing, as they are far from
being a true representative of the sample solution. This is overcome by ensuring that
the focus of the capturing camera is at a distance that will give clear and vivid
reproducible replicate images for quantitation. Provided other factors, including
camera lens, dimensions and autofocus configurations are kept unchanged, the

efficiency of the detection device is optimal (Zhang et al., 2018).
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Specified Area for Measurement (ROI).

The highlighted region designated by the program to transform the pixel

strength into a value that may be connected to the concentration of the analyte for

quantification is known as the region of interest (ROI). To select the ROI, go to 'edit.’

In the dropdown menu, select 'specify’ and then 'selection.' A drop-down option is

displayed, which allows the user to select the form and alignment of the ROI. A

square, centrally placed is selected for this study. The sample solution's X and Y

coordinates should be modified, and the ROI's width and height should be written.

The chosen figure which will be equal to px? represents the ROI. For further

analysis, ctrl + shift + E can be employed as a short code to insert the ROI along with

the desired characteristics. This immediately displays the ROI.

Figure 6

Highlighting the Region of Interest
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The response of both the blank solution and the sample solution are each

represented by a histogram depicted by the symbols Ip and I respectively in a specific

channel and given a numerical value. Signifying a perfect blank, 255 is the number
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generally utilized, starting from 0. The numerical value of the histogram, given as the

response of both Ipand I, gives information on the concentration of the analyte.

Figure 7
Signal Conversion
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Converting Signal into Concentration.

A histogram can be generated from the ROI of the highest intensity channel
by clicking on the ‘Analyze’ menu followed by the ‘Histogram’ menu (or Ctrl H),
from the drop-down option of the software. The mean value of the histogram is used
for quantification. SDIC, on the other hand, has an inverse connection with analyte

concentration, as opposed to certain optical systems wherein the signal is directly
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proportionate to it. Because of this, a rise in the intensity of the color depicts an

increase in analyte concentration as the mean value of the histogram lowers.

Therefore, be it absorbance or reflectance that is evaluated, various equations
to generate a positive linear relationship in the calibration plots for measurements
have been formulated. The most often used formulas are depicted in Figure 7. (Porto

etal., 2019).

The Analyte

lodate

A significant lack of iodine in the body can result in iodine deficiency
disorders which includes infant mortality, goiter, infertility, dwarfism, and
miscarriage ( Eckhoff & Maage, 1997). Detrimental health repercussions such as
hyperthyroidism can occur in the body as a result of overabundance of iodine (Leung
& Braverman, 2014). With such grave concerns, The WHO recommends a daily
iodine intake of 90 pg for children and 250 pg for pregnant women (Chandra et al.,
2019). The primary source of iodine intake for humans is iodized table salt, with

eggs, cereals, milk as supplementary intake (Kulkarni et al., 2013).

Preventing the impairment of body functions and intellectual disability as a
result of iodine deprivation, has been a global effort. Primarily spearheaded by the
WHO and national academy of medicine, with stipulations and recommended daily
intake levels for iodine, potassium iodate is now used for the iodization of table salt
(Mortazavi & Farmany, 2014). The quantitation of this analyte in table salt has been
over the years fundamentally conducted by the traditional iodo metric titrimetric
analysis, involving the reaction of iodate with iodide to liberate iodine in the
presence of an acid, followed by a reaction with the oxyanion thiosulfate in the

presence starch of as an indicator.

Several different techniques have been proposed for iodate in table salt
quantitation such as iodo metric reaction in the presence of sodium acetate reported
by (Kulkarni et al., 2013), flow injection amperometry (Jakmunee & Grudpan, 2001)

and ion chromatography with integrated amperometric detection (Gosh & Lal, 2010).
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CHAPTER IITI

Materials and Methods

Consumables

The chemicals together with all reagents utilized for the research and
investigation of this thesis were of analytical grade, unless otherwise noted. Phenol
(Ph) and Potassium lodide (KI) were acquired from Riedel-de Haen (Germany).
Sigma-Aldrich (Germany) supplied Choline Chloride (ChCl), Ethanol (EtOH), and
hydrochloric acid (HCl). Potassium iodate standard was procured from Merck

(USA).

Apparatus

For this investigation, reproducible images were captured using a 5th
generation iPad mini embedded with a back camera of 8 MP with a /2.4 aperture.
The permanent memory capacity is 65GB, 3GB RAM, coupled with an Apple A12
Bionic chip processor. A touch display screen of 1536 by 2048 pixels resolution and

measuring 7.40 inches diagonally.

As means of the single line radiation source a second smartphone (iPhone 12
pro max), with a 6.7” touch screen display, 1284 X 2778-pixels resolution, coupled
with a 12 mega pixel camera, 128GB storage, an A14 Bionic chip with a 6GB RAM

on a 2X3.1 GHz firestone processor was employed.

The colorimetric box was designed to look like a fundamental optical
equipment, made from aluminum with dimensions 25 X 18 X 9 c¢m in length. For this
study, the interior of the in-house built colorimetric box is black to enable an
illuminance-free environment with a hole approximate in size drilled into the box's
side to allow image capture of the sample solution by the camera. The system was

fine-tuned to meet the requirements of optimized parameters as described in chapter

2.

A Purelab Ultra Analytic De-ionizer (UK) was employed to produce

deionized (DI) water, which was then utilized to produce all aqueous solutions.
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Conversion of an acquired image into analytical data was carried out by use

of the ImageJ processing software.

Calculation of logP and pK. values was done using MavinSketch by ChemAxon
Ltd.

Vortexing of all samples was done using a digital vortex MS3 by IKA
Germany. All sonication process was done using an ultrasonic bath from Isolab
Germany and centrifugation of samples was carried out using a portable EBA20
centrifuge from Hettich Germany. Eppendorf micropipettes were used for the
measurement and transfer of precise volumes of sample solutions and solvents.
Standards and samples were weighed with an electronic balance (Mettler-Toledo,

Switzerland).

Using a single beam UV-visible spectrophotometer (PG Instruments, UK) at
a wavelength of 400 nm, separate experiments were conducted to determine the

method's efficiency.

Statistical Analysis
Single-factor analysis of variance (ANOVA) was performed using Microsoft
excel 365 for windows to statistically evaluate the performance of the proposed

system.

Sample Preparation

Samples of table salt (labeled T1 through T5) were bought at
community stores in Famagusta, TRNC. They were then kept in a dry, dark
environment until usage. For experimental analysis, 2.0 g of the sample was
accurately measured into a volumetric flask (25.0 mL), and sufficient DI water was
added to sonicate for 5.0 minutes at a temperature of 25°C/KHz in order to
completely dissolve the salt, and then filled with additional DI water to the

volume mark.
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Preparation of Solutions

Stock Solution

A stock solution of 50 mmol L! of 1073 was prepared from KIO; (1.07g). An
intermediate solution of 1.0 mmol L-! was prepared with DI water in 100 mL
volumetric flask. From this intermediate stock, working solutions ranging from 50 to
250 umol L' and 10 to 50 umol L' concentrations were prepared for SDIC and
DES-LLME, UV/Vis calibrations respectively.

Potassium lodide Solution

10 g of solid KI was dissolved in a pre-boiled and cooled DI water in a 100
mL volumetric flask. The DI water was boiled and allowed to cool to room
temperature because normal DI water contains dissolved oxygen that can react with

the I and oxidize it to I?, which will turn the solution yellow.

Preparation of 1.0M HCI Solution
8.33 mL of concentrated Hydrochloric acid (HCI) was transferred by pipette

to a 100 mL volumetric flask and diluted with DI water to the mark.

Preparation of Salt Sample Solution
A 10.0 g of salt was dissolved in 50.0 mL volumetric flask and used as the

sample solution.

Redox Reaction for Iodate Quantitation in Table Salt
The traditional redox titration is the primary procedure for the measurement

of 1073 in 10dized salt. The reaction is as follows;

103 + 51~ + 6HY - 31, +3H,0 equation (1)
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Figure 8
Simplified Diagram of the Redox Reaction

0.5 mL of 0.6M KI
0.5 mL of 1.0M HC1

Synthesis of the Deep Eutectic Solvent (DES)

DES:s are useful for a wide range of large and small-scale applications,
including micro extractions, due to their particular physicochemical properties. The
intensity of hydrogen bonding between the two constituents, as well as the molar
ratio, all influence the level of melting point drop. An excellent extraction solvent

can be a liquid DES produced at ambient temperature.

As a result, Choline Chloride and Phenol (ChCl: Ph) was selected as the
choice of green solvent due to its relatively simple synthesis at room temperature, its
ability to mix and separate from other solvents due to its miscibility gap and density,

making it a very effective and efficient micro extraction solvent.
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Figure 9

Synthesis of the Deep Eutectic Solvent
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Reaction Procedure
Into a screw-on 15 mL graduated centrifuge tube, 5 mL of the prepared

sample solution was dispensed.

0.5 mL of 1.0 M HCI and 0.5 mL of 0.6 M KI were then added to this

solution turning it yellow indicating the formation of L.

The solution was vortexed for 1.0 min, and 1.0 ml of 1:5 ChCl: Ph (DES) was
added forming very briefly a cloudy solution which was then mechanically agitated
by vortexing for 1 min and centrifuged at 60 x 100 rpm for 1 min resulting in the

formation of diphasic solution, with the analyte rich DES at the bottom.



Figure 10

Schematic Diagram of DESLLME

0.5mLof IMHCl /3, - 35‘5\\ 1 mL of DES (1:5 ChCl:
0.5 mL of 0.6MKI ~ 7 ¢ Ph)
\ v ] /
&9
smLof / Vortex for | min

Sample

i _

e~
e
<

Vortex for 1 min

T~
e

T
T

Transfer of DES rich phase
(bottom layer) via micro

syringe

Signal Conversion

44

Centrifuge

- for 1 min

at 6000
rpm

Phase separation
after centrifuging

Upon the capture of the required images, they were subsequently sent through

response and thus selected for all analysis.

The formula

R=1I—1Is equation (2)

where Ip and Is are the mean intensity of the blank and sample solution

airdrop to the personal computer for ImageJ processing. They were split into their

respective red, green, and blue channels with the blue channel providing the best

respectively, obtained from the blue channel’s histogram, to calculate the response R.



45

Figure 11

Proposed SDIC System
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(a) Sample solution spiked with incremental concentrations of iodate standard;
(b) The in-house detection system; (c) Extracted and preconcentrated analyte
solution; (d) Red, Green, Blue channels of the split sample image; (e)

Regression graph of calibration.
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CHAPTER 1V

Results and Discussion

Determination of Iodate in Table Salt by Deep Eutectic Solvent Liquid-Liquid

Micro-Extraction Prior to Smartphone Digital Image Colorimetry

Optimization of The Deep Eutectic Solvent Conditions
Molar Ratio of the DES.
The effect of HBD to HBA molar ration composition of the deep eutectic

solvent in the microextraction procedure was investigated.

Molar Ratio of 1:4 to 1:8 ChCl: Ph were studied, with 1:1 to 1:5 having previously

studied in a preliminary experiment.

The molar ratio of 1:5 ChCl: Ph gave the optimum response studied in the micro-

extraction procedure and was used for all analyses.

Figure 12

Selection of the DES Molar Ratio
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Volume of the DES.
The volume of the optimum molar ratio of the DES (1:5) was evaluated by

studying varying sizes from 800 to 1600 pL.

An optimum response was observed from 800 1000 pL after which there was
a downward trend. A Volume of 1000 uL DES yielded an optimum signal and was
selected for all analyses as it demonstrated sufficient volume for miscibility and

preconcentration.

Figure 13
Selection of Volume of DES
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Emulsifying Agent.
In an effort to enhance the miscibility of the DES with the sample solution,
three different emulsifiers were studied (Acetonitrile, Acetone, and Ethanol) along

with a sample containing no emulsifier.

The sample without any emulsifier gave the optimum response, indicating
that the DES in its optimal volume and molar ratio was suitable enough to mix with
the sample solution thoroughly and separate upon centrifugation forming a rich DES-

analyte bottom layer.

Therefore, no emulsifying solvent was used in the proposed method.
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Figure 14

Study of the use of emulsifying solvent
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Optimization of Parameters of the SDIC System

Construction of the Detection Box.

A colorimetric box was designed to look like a fundamental optical
equipment, made from aluminum with dimensions 25 X 18 X 9 c¢m in length. For this
study, the interior of the in-house built colorimetric box is black to enable an
illuminance-free environment with a hole approximate in size drilled into the box's
side to allow image capture of the sample solution by the camera, which is 8 cm
away from the quartz sample solution container. To avoid oversaturation of the lens
of the camera, the intensity of the monochromatic light source was kept at a constant

level and the backdrop was centrally placed.

The sample was then photographed using the back camera with the flare

switched out.
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Figure 15

Schematic Diagram of the Colorimetric System
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Selection of the RGB Channel.

As illustrated earlier, a particular channel is specific to the sample solution
upon splitting the captured image using ImageJ software. This channel, characterized
by the low value of the mean of the histogram is selected as the optimum channel for

analysis. For this study, the blue channel gave optimum results.



Figure 16

RGB Channel Selection
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Optimal Length Between Detection Camera and Sample Solution.

The possible influence of the range between the capturing camera and the

sample cell was investigated by measuring a range between 5.0 and 12.0 cm. Ata
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distance of 5 centimeters, the camera's focusing was weak, culminating in a grainy,

fuzzy image of the sample cuvette. A clarity in image occurred at a distance of 8cm

between the camera and the cuvette, with sharper images observed from 9.0 cm to

12.0 cm. A decision was made on the distance of 8.0 cm giving the optimum

response to compromise between sensitivity and repeatability.
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Figure 17

Optimal Distance Between Detection Camera and Sample Solution
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Specified Area of Measurement (ROI).
The highlighted region designated by the program to transform the pixel
strength into a value that may be connected to the concentration of the analyte for

quantification is known as the region of interest (ROI).

The sample solution's X and Y coordinates should be modified, and the ROI's
width and height should be written. The chosen figure which will be equal to px?
represents the ROI. The ROI was analyzed by altering the targeted area between 5 to
45 px2.

The working sample being homogeneous, there was no effect from any ROI,
as indicated by the consistent response. Consequently, any ROI may be selected for

measurement. 25px? was determined to be the optimal ROI.



52

Figure 18
Specified Region of Interest (ROI)
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Analytical Performance of the Deep Eutectic Solvent Liquid-Liquid Micro-

extraction

Using the iodate standard in concentrations ranging from 10 to 50 pmolL"!
and 50 to 250 and 300 umolL"!, matrix-match calibration graphs were plotted using
SDIC only, DES-LLME-SDIC and UV-vis spectrophotometric procedure to assess
the proposed method’s analytical performance. All methods showed good precision

as demonstrated by their respective calculated intra-day and inter-day values.

Prior to DES-LLME-SDIC using the pure salt sample (NaCl), quantitation of
the salt samples using the redox reaction only with SDIC was carried out, giving

relative absorbances ranging from 0.06 to 0.13.

A summary of the collected data, demonstrating adequate performance as
indicated by satisfactory proportionality (linearity) and adequately fitted coefficients
of determination R? 0.9951 to 0.9992 is provided in Table 5. Good (%RSD) shows
the repeatability of the method exhibiting robustness as shown by the inter-day and
intra-day correctness range of 2.2 to 5.4, 2.3 to 5.5 and 4.4 to 9.4 respectively. The

lowest quantified concentration 0.6 pg ¢! (LOD) was determined using the equation
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3Sw/m with the standard deviation of the intercept represented as Sy and the

calibration graph slope as m. The LOQ (Limit of Quantitation) ranged from 2.1 to

10.1 pg g! for the two calibration graphs was calculated using the equation 10Sp/m.

All calibration graphs exhibited a linear relationship between the LOD and the

maximum concentration. Enrichment factor of the proposed system was deduced as

12, which is the result of ratio of microextraction (DES-LLME-SDIC) slope and that

of the slope of the SDIC matrix match alone.

Table 5.

DES-LLME-SDIC Figures of Merit for lodate Determination

Method Regression Equation® R?

%RSDP LOD¢

Intra-day Interday

LOQ! LDR® EFf

UV MATRIX y=0.0143 (+0.000257405)x  0.9951
MATCH +0.028 (+ 0.007793312)

MATRIX MATCH y=0.0008 (+ 0.000005739) x 0.9991
SDIC +0.00167 (& 0.000868832)
DES-LLME  y=0.0095 (+ 6.5595 x 10%)x  0.9992

SDIC +0.0045 (< 0.0019)

44 9.4 1.6

2.2 54 33

23 5.5 0.6

55 5.5-250

10.8  10.8-300

2.1 2.1-50 12

2 R = the calculated slope of the graph (+SD) x [iodate concentration to be determined (uM)] + the extrapolated y

value (intercept) (£SD).

b Relative standard deviation in percentile

¢ The Lowest quantified concentration of the method (ug g™).

4 The Limit of quantitation of the method (ug g™).

° Yielded Linear relationship of the method (ug g™').

f Improvement factor: DES-LLME-SDIC/SDIC derived ratio.
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Determined Concentrations of the Iodized Table Salt Samples

Concentration of the different iodized table salt samples was calculated using
the slope and intercept of the two plotted calibration graphs together with the volume
of the total sample solution, the dilution factor, and the molar mass (Mr) of the

analyte ( 103 =173 g/mol ).

By using the absorbance values obtained for the different salt samples, their
concentration was calculated in micro moles per liter (um L ') and subsequently

micro grams per grams (pg g').

Concentration in um L' = absorbance plus intercept of the calibration graph divided

by the slope.

Concentration in pg g'! = concentration in micro mole per liter multiplied by the
volume of the total sample solution, multiplied by the molar mass of the iodate

standard, all divided by two and multiplied by the dilution factor.
Concentration ug g™! = concentration (um g') x Volume x Molar mass / 2 * DF

From the table ( table 6) it can be seen that both matrix calibration in
absorbance measurement of the iodized salt samples gave comparable results

indicated by the comparable concentrations found.

Table 6.

Determined Concentration of the lodized Table Salt Samples

TS1 TS2 TS3 TS4 TS5
DESLLMESDIC  5.91+0.008 5.72+0.015 5.72 £0.035 5.78 £0.021 5.74+0.013
UV MATRIX 5.48 £0.08 5.36+0.015 5.30+0.035 5.37+0.021 5.31+0.013

MATCH

TS1 to TS5 = Table salt Sample 1 to Table Salt Sample 5 (g g™)
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Evaluation of the Developed Method to other Techniques

A spectrophotometric technique (UV-Vis) was employed to independently
verify the correctness of the suggested approach. In terms of LOD, LOQ, R? and
%RSD, the performance of both methods was comparable considering that
microextraction was involved in SDIC. However, it can be observed that the

proposed green technique is Much cheaper than the UV-Vis technique.

Comparative evaluations of sensitivity, analysis time, reproducibility, and
linearity were performed for iodate analysis in table salt to other methods described
in the literature. The primary benefit of the suggested DES-LLME-SDIC approach
over the alternatives is its simplicity, speed, and relatively inexpensiveness. Total
analysis time of 14 minutes, including weighing, dissolution, redoxing,
microextraction, and detection, demonstrated that the proposed approach was quicker
than the majority of procedures described in the scientific literature. In terms of
sensitivity, the proposed method was comparable in value to the ion chromatography
technique by (Kumar et al., 2001) but quite less when compared to the method
described by (Wang et al., 2009) (capillary zone electrophoresis), and that illustrated
by (Xie et al., 2019) gas chromatography thermal conductivity detection.

However, it can be noted that these methods necessitate significant monetary

investment and require tedious processes and in-depth experience.



Table 7.

Evaluation of the Developed Method to other Methods
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Technique used? Method Time LODP LOQ® R? %RSD¢ Ref.
(min) (nggh  (nggh
Gas 40 0.014 0.047 0.9990 1.09-2.69 Xie et al.,
Chromatography TCD 2019
Capillary 7 0.0035 0.012 0.9993 1.08-2.25 Wang et al.,
Zone electrophoresis 2009

Spectrophotometric flow - 0.02 0.1-3.0 0.9992
Injection analysis (mg/l) (mg/l)

Ion Chromatography 16 0.5 1.67 -
UV-VIS 7 1.6 55 0.9951
DES-LLME-SDIC 14 0.6 2.1 0.9992

44

2.3

Shabani et al.,
2011
Kumar et al.,
2001
This Study

This Study

a TCD - thermal conductivity detection
b Lowest determined concentration.
¢ Lowest concentration tolerated with bias of the method

d Relative standard deviation in percentile.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In this study, unique and convenient detection system was significantly
improved in terms of its specificity and selectivity by liquid-liquid microextraction
coupled with a green-approach extraction solvent. The combined extraction method
(DES-LLME) and detection technique (SDIC) was used in this study to demonstrate
their suitability and applicability to food samples (table salt).

Iodate in table salt was successfully quantified by DES-LLME as shown by
the comparable result, after performing the redox reaction, followed by detection

with SDIC.

Conclusions drawn from this study are that key parameters of simple unique
detection systems such as SDIC are improved by microextraction techniques
utilizing small volumes of environmentally friendly solvents such as deep eutectic
solvents, reducing reliance on toxic organic solvents. This study proves such a

system can be quantitatively employed for the determination of analytes of interest.

With major advantages such as speed, ease of use, portability, simplicity, and
non-reliance on electricity , SDIC has demonstrated to be a formidable option for
high-end complex systems, particularly for under-funded institutions, laboratories,

and industries in emerging regions.
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