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In this thesis, solidification of floating organic drop-emulsification liquid-liquid
microextraction (SFOD-ELLME) was combined with digital image colorimetry (DIC) for
the analysis of synthetic dyes, such as rhodamine B (RhB) and crystal violet (CV) in food
and drink samples. Here, the extraction was performed by using emulsified fatty acid
surfactant and freezing procedure to separate the extracting phase. The solidified floating
organic drop was then taken out, liquified and dropped on the paper platform for digital
image colorimetric analysis. The response surface methodology-central composite design
(RSM-CCD) was used to optimize some variables that influence the extraction efficiency.
A sample of 7 mL was used and adjusted to pH 7 and 8 for CV and RhB, respectively prior
to extraction. The extraction phase was 21.6 pL octanoic acid. The extraction phase was
emulsified by manually shaking for 10 s and centrifugation at 3000 rpm for 5 min. The
digital image was taken by the smartphone camera in the light-controlled box. The distance
between camera and the paper platform was kept at 36 cm. The color was analyzed by
ImageJ program using red channel. Limit of detection (LOD) and limit of quantification
(LOQ) for CV were 0.8 nug/L and 3 pg/L; 3 pg/L and 10 ug/L for RhB. The linear ranges
were 3-20 pg/L (R? = 0.999) for CV and 10-40 pg/L (R? = 0.995) for RhB. The method was
applied to determine RhB in beverage, candy, jelly, and chili sauce samples and CV in
drinking water samples. The relative recovery percentages (RR%) between 73 % and 113
% were achieved.
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Chapter 1 Introduction

1.1 Introduction

Synthetic dyes have a wide range of applications in consumable products
because they are less expensive compared to natural dyes. Considering that some
synthetic dyes are carcinogenic and mutagenic to human and living things, and their
uses in food and beverages are prohibited, quantification of their trace amount in such
samples is critically needed for food safety and quality control? 3. Two examples of
prohibited synthetic dyes that are illegally used in food products or foodstuffs and
drinks are crystal violet (CV) and rhodamine B (RhB).

Analytical methods commonly used for determination of synthetic dyes are
UV-Vis spectrophotometry?, high-performance liquid chromatography (HPLC)* > ©,
ultra-performance liquid chromatography (UPLC)’, and capillary electrophoresis
(CE)® with UV/Vis detector. These methods are laborious, expensive, need a bulky
instrument, and are not user-friendly. Therefore, the improvement in some aspects of
analytical detection method is needed to provide sensitive and simple technique.
Digital image colorimetry (DIC) could be considered as a simple alternative method
for synthetic dyes detection?.

Digital image colorimetry (DIC) is a quantitative method based on analysis of
digital image reflecting light shown in red (R), green (G), and blue (B) intensity. DIC
is a simple, rapid, and user-friendly detection method. The quantitative detection of
dyes with DIC has been developed by coupling with a membrane filtration-

enrichment technique®. Nevertheless, this method may fail to detect trace levels of



synthetic dyes from more complex food and drink samples. Food samples mostly
have a complex matrix that may contain many components and interferences®

To develop the applicability of DIC for trace-level analysis of synthetic dyes,
the proper sample preparation is needed depending on the sample matrix®. Hence,
suitable sample preparation should provide high enrichment factor and good
selectivity for the proposed analytes (CV and RhB) prior to coupling with the DIC
detection system.

Recently, ELLME has gained much attention due to its rapidity, high
throughput, high sensitivity, environmentally friendliness, high enrichment factor, and
simplicity. Consequently, the combination of ELLME and DIC would be interesting.
In ELLME, the extraction phase is emulsified into very small droplets by chemicals or
external forces. Conventional dispersive liquid-liquid microextraction (DLLME) is a
common ELLME technique using disperser solvent to disperse the extracting solvent
into the sample phase®. The main problem with DLLME using a disperser is the
small partition coefficient of analyte to the organic solvent from the aqueous sample
solution!!. Hence, the ELLME term was used in this research for focusing on the
emulsification process and differentiating the proposed method from conventional
DLLME.

The assisting of the emulsification using external force is preferred because it
is more environmentally friendly with no need for a disperser solvent and other
reagents®. External forces that can be used are ultrasound energy and vortex.
Ultrasound tends to volatilize the organic acceptor phase and form a stable emulsion
that is harder to separate and lengthens the separation time. Vortex-assisted liquid-

liquid microextraction can enhance the solvent dispersion® and improve extraction



efficiency. Besides, manual shaking could be an alternative way that is more
convenient, rapid, and simple to facilitate emulsification.

The choice of appropriate acceptor phase or solvent would affect the
performance of ELLME. The solvent should have low miscibility in water and high
distribution ratio with analyte of interest, be able to disperse after adding chemical
dispersants or external forces, compatible with the analytical instrument, and
obtainable at a reasonable price'?. The acceptor phase can be classified into higher
density and lower density than water. The lower-density solvent can be easily
collected on top of the sample solution. The development of ELLME that uses low-
density solvent is increasing nowadays*. Nevertheless, the separated phase collection
of lower-density solvent is difficult. The solidification of floating organic drop
(SFOD) has been proposed. In SFOD, the extracting phase was solidified at the
temperature below its freezing point for collection or removal. Hence, the acceptor
phase that is low-density solvent and high freezing point'® would be more preferable.

Surface-active agents (surfactants) are chemicals that have hydrophilic and
hydrophobic moieties (amphiphile). Surfactants can be rendered into many forms in
water such as liquid crystals, micelles, vesicles, and microemulsions. Surfactants
could be used in sample preparation and give major benefits to minimizing the
application of common organic solvents (e.g., chlorinated solvents). Surfactant can be
used as an emulsifier, acceptor phase, ion pair-based extraction, and solid-phase
extraction (SPE) with micellar desorption'!. The major beneficial properties of
surfactants in the sample preparation are their good solubility and the capability to
interact with analytes by various interactions such as hydrophobically,

electrostatically, or combination of both. The extraction methods using surfactants



give several advantages such as being environmentally friendly, safe, low cost, and
low toxicity!!. Therefore, surfactant is a preferable extracting solvent being used in
ELLME without the necessity of a dispersant agent. The fatty acid surfactants are the
suitable solvent for SFOD-ELLME because of their high freezing points and low-
density (compared to water)“.

Additionally, the Association of Official Analytical Chemists (AOAC) have
been encouraging the utilization of experimental design and statistical analysis on
analytical quality control to improve the quality of the analytical data to determine
real quantities of analytes in food and drink samples®. Consequently, a central
composite design (CCD) was used in this research as an optimization tool based on
response surface methodology (RSM) to optimize the significant independent factors
that affect the method efficiency. CCD is an experimental design that is rapid and able
to reduce the number of experiments for multivariate analysist®.

In this study, solidification of floating organic drop-emulsification liquid-
liquid microextraction (SFOD-ELLME) coupled with digital image colorimetry (DIC)
was developed. Medium-chain fatty acids were used as the extracting phase and
modified paper platform digital image colorimetry with smartphone camera was used
as detection method. The variables affecting SFOD-ELLME and DIC were optimized
by using RSM-CCD and one factor at a time (OFAT) approach. The proposed SFOD-
ELLME-DIC method was applied for the analyzing of CV and RhB in food and drink

samples.



1.2 Objectives

To develop an analytical method based on surfactant-based emulsification
microextraction technique coupled with digital image colorimetry on a paper platform

for determination of synthetic dyes in food and drink samples.



Chapter 2 Theory and literature review

2.1 Sample preparation

Sample preparation is a part of analyzing process that mostly affects total
analysis time and data quality. Sample preparation is important because even the use
of an advanced instrumentation detection system cannot help to provide good data if
the sample is full of interference and unsuitable to proceed in a chosen instrument.
Therefore, sample preparation is still a growth trending topic of research in analytical
chemistry. This step consists of all treatments such as homogenization, isolation,
extraction, clean-up, and preconcentration of the analyte before the detection step to
enhance the analytical capability of the analyte with a chosen measurement method?®.

Nowadays, the development of a simple, cheap, rapid sample preparation is
significant in many analytical methods and applications, especially for determination
of trace-level of analyte from complex matrices (e.g., food, beverage, and
environmental sample) that commonly need laborious steps of sample preparation.
Recently, green sample preparations have been developed. Analytical chemists have
paid attention to the chemical waste that is resulted from a multi-step sample
preparation®. The development of green sample preparation is based on twelve
principles of green chemistry, which are prevention, atom economy, less hazardous
chemical synthesis, designing safer chemicals, safer solvents and auxiliaries, design
for energy efficiency, use of renewable feedstock, reducing derivatives, catalysis,
design for degradation, real-time analysis for pollution prevention, and inherently

safer chemistry for accident prevention?’.
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Some traditional methods that are still acceptable and have been used until
today are LLE, SPE, and solid-liquid extraction (SLE). Nevertheless, these methods
have several drawbacks. LLE consumes a large amount of solvent, produces a large
amount of dangerous waste, and uses harmful chemicals that can put high risk to the
analyst. SPE needs synthesized materials that are somewhat expensive and difficult to
synthesize and needs a long extraction time. SLE uses relatively large amount of
sample and organic solvent. To overcome those drawbacks, some methods have been
developed with the key concept of miniaturization, simplification, and automation?®.

The miniaturization of sample preparation can be achieved also by the
development of a microextraction method. The microextraction method minimizes the
quantity of extracting phase (solvent or sorbent) and provides the fulfillment of
several green chemistry principles, such as prevention and design for energy
efficiency. The waste from the analysis process can be also prevented or minimized.
Microextraction also reduces the sample preparation steps, therefore this method
requires less energy than conventional sample preparation.

Recently, microextraction has gained much attention. Microextraction is
divided into 2 main groups, namely solid phase microextraction (SPME) and liquid
phase microextraction (LPME). SPME uses a microscale of selective sorbent. SPME
provides rapid, simple, solvent-free, automatable, and easy process in many
applications®. Nevertheless, SPME has several drawbacks such as instability in
organic solvents, fiber damage possibility, and need for a synthetic sorbent.
Therefore, the LPME seems to overcome these problems.

LPME is a method that uses a few microliters of liquid chemicals as extracting

phase. Commonly, LPME uses water-immiscible solvents in small quantities. This
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method can be divided into 4 main groups (Fig. 1), namely single drop
microextraction (SDME), dispersive liquid-liquid microextraction (DLLME),
solidification floating organic drop (SFOD), and hollow-fiber microextraction (HF-
LPME)*3. LPME has several better aspects than SPME, such as bigger extracting
phase capacity, more cost effectiveness, faster phase transfer, and easier modification.
DLLME appears as a rapid LPME method where the extracting phase is dispersed
into small droplets with high interfacial area'® (Fig. 2). Based on Eq (1) and (2), the
increasing of interfacial area (4) and total mass transfer (5¢*t), and the decreasing of

aqueous sample (V%) can improve the LPME extraction time.

cot(e) = Cot (1— e &)
A Vext
k= o o (1+ Ko7) )

Where,

C°** is a function of microextraction time (t)

C&x* is the equilibrium concentration in the extracting phase

k is rate constant

A is an interfacial area

Be*t is total mass transfer

Ve*t is the volume of the extracting phase

V¢ is the volume of the aqueous sample

K is the distribution coefficient

DLLME is a ternary component solvent system containing extracting solvent
and disperser that can be dispersed in the aqueous phase. The disperser has to be

miscible both in organic extractant and aqueous sample phase'®. Some disadvantages
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of DLLME may be experienced; for examples, it is difficult to collect the extracting
solvent that is higher density than water and some solvents are toxic and not
environmentally friendly. To overcome these issues, some improvement has been
developed in a newer method. SFOD-DLLME is the DLLME method that utilizes
organic solvent having lower density than water that can be easily frozen or solidified
and float on the top of the aqueous sample, which can be easily collected or taken
OutlS, 19.

Another drawback from the conventional DLLME is the use of a disperser.
Disperser can decrease the extraction efficiency by turning the aqueous sample to be
more nonpolar. Therefore, a nonpolar analyte cannot be well extracted into the water-
immiscible extracting phase. This drawback can be compensated by application of an

external force, such as sonicating, vortexing, and magnetic stirring®.
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Figure 2. DLLME

For many years, the development of environmentally friendly sample
preparation technique has been explored to advance this research area. The
improvements could reduce or eliminate toxic and non-environmentally friendly
organic solvent', The prevention of dangerous chemical waste is easier and cheaper
than cleaning up waste. This prevention can be done by using a safer solvent in
sample preparation. The use of fatty acid surfactant as extracting phase seems like a
good tool for realization of environmentally friendly sample preparation.

2.2 Surfactant

Surfactant (surface-active agent) is an amphiphile molecule (two moieties,
such as hydrophilic and hydrophobic part) (Fig. 3) that shows activity in the surface
or interface of phases (Fig. 4). Nevertheless, only an equilibrated amphiphile that acts
as surfactant while the over hydrophilic and hydrophobic will stay on one phase and
not go to the border of two phases. The surfactants can be classified into four groups

based on their head group dissociated form in water (Table 1)2:
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a. Nonionic surfactants are nonionized surfactants (no charge), where the polar head
is a non-dissociable type, namely phenol, alcohol, amide, and ester. The nonionic
surfactants commonly contain glucoside (sugar based) and polyethoxylated glycol
as relatively polar head, and alkyl, alkylbenzene, and polyether chain as a
lipophilic part. Around 45% of industrial surfactant is a nonionic surfactant for
example: Triton, Tween, and Span.

b. Anionic surfactants are surfactants having a negative polar (anion) head group
when dissociated in water. Some anionic surfactants included in this group are
fatty acid, alkyl benzene sulfonates, lignosulfonates, and sulfosuccinates. The
anionic polar head usually attaches with cations, like alkaline metal (Na* and K*)
or quaternary ammonium. Approximately 50% of total surfactant world
production is an anionic surfactant.

c. Cationic surfactants are surfactants having a positive polar head group (cation)
when dissociated in water, such as fatty amine salts and quaternary ammoniums.
Its cationic polar head usually binds with anions e.g., halogen. This type is more
expensive than anionic surfactants, which is caused by the utilization of a high-
pressure hydrogenation reaction in the synthesizing process

d. Amphoteric/zwitterionic surfactants are a group of surfactants having both
positive and negative charges on the polar head groups when dissociated in water.

Examples of this group are betaines, sulfobetaine, phospholipids, and amino acids.



Hydrophilic head

\
Hydrophobic
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Figure 3. The general structure of surfactant
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Figure 4. Surfactant line up in the water-air interface
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2.2.1 The roles of surfactant in sample preparation

Surfactant demonstrates excellent properties that can improve the efficiency of
some sample preparation techniques, especially liquid phase extraction. There are
several roles for surfactant in liquid phase extraction, such as emulsifier, extraction
medium, and carrier!!,

Environmentally friendly surfactant as an emulsifier in the DLLME method
can help to improve the green aspect and drawback of using disperser in the
conventional DLLME. Surfactants as extracting phase create aggregation that can
interact with analyte effectively while providing some advantages such as cost-
effectiveness, less hazardousness, environmentally friendliness and low toxicity in
contrast to the organic solvent. Surfactant as a carrier facilitates the specific analyte
transportation through the liquid membrane or without liquid membranel. One
environmentally friendly surfactant group is fatty acid'* 2,

2.2.2 Fatty acid as surfactant

Fatty acids are naturally obtained or produced from various living things (e.g.,
marine, animal, and plant). Therefore, fatty acids can be classified as less toxic and
biodegradable chemicals. Fatty acids have a carboxylic acid functional group in their
polar headgroup and alkyl in their hydrophobic chain, hence fatty acid is amphiphile.
When dissolved in water, the carboxylic acid functional group can be deprotonated
into carboxylate group (-COO") having a negative charge, which is then categorized
as anionic surfactant, accordingly. Generally, fatty acids are classified into three
groups based on the aliphatic chain length, as follows* 22:

a. Short-chain fatty acids containing less than six carbons (<C6).
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b. Medium-chain fatty acids having 6 to 12 carbons in their aliphatic group (C6-
C12).

c. Long-chain fatty acids containing 14 up to 22 carbons (C14-C22).

d. Very long-chain fatty acids having more than 22 carbons in their aliphatic

group (>C22).

The characteristics of fatty acids, such as surface activity, solubility in various
solvents, and aggregation ability are determined by their structure, hydrophobic tails
length, type of hydrophilic head, and the existence of additional alkyl group.
Considering the properties of the medium chain, it is a good candidate for solvent in
solidification surfactant-based emulsification extraction. The medium chain fatty
acids e.g., hexanoic acid, pentanoic acid, octanoic acid, and decanoic acid have a
relatively high freezing point, which can be easily frozen or solidified. Besides, their
amphiphile properties can provide several possible intermolecular interactions with
the several kinds of analyte compounds which can be effortlessly dispersed and
improve the extraction efficiency*.

2.3 Digital image colorimetry (DIC)

2.3.1 Definition and principal work

Colorimetry of digital images is a method for detecting analytes based on the
interpretation of color from digital images taken with a digital device and processed
by a software. Some advantages that are given by this method, such as simplicity,
portability, cost-effectiveness, and rapidity make it rise as the trending research topic
nowadays. This method can be used for several types of analysis, such as semi-
quantitative, quantitative, and cut-off analysis. Two main steps of DIC using

smartphone are demonstrated in Fig. 52



20

Selecting color space
Color

Q quantification
| i M B2 Imace)
R CIE |, - (ki SSN—
THTe ve”
Sample Image M HS e
preparation collecting -
and
colorization A
kg
reaction L*a*b

Figure 5. Procedure of smartphone digital image colorimetry

a. Image collecting

A digital device such as mobile phone camera, scanner, digital camera, and
webcam is utilized to capture the image. The device captures the color and transforms
the input signal into an optical and electrical signal using image sensors such as
charge-coupled devices (C-CD), the contact image sensor (CIS), and complementary
metal oxide semiconductors (CMOS). The quality of the image is attributed to the
quality of the device, lighting condition, and the photo shooting technique.
b. Image quantitative analysis

Quantification of the image can be carried out using an image processing
software, such as Image J, Adobe photoshop, Matlab, and Pantone studio with
appropriate color space. In digital image colorimetry (DIC), several color spaces can
be used for detection such as RGB, CMYK, HSV/HSL, CIE, XYZ, L*a*b*, and
YUV. RGB color space (0-255 range) was used in this study due to its simplicity.
Generally, a color image composes of several pixels each of which consists of red,

green, and blue (RGB) colors at a certain intensity ratio. The RGB color model (Fig.
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6) is shown in a cube with three orthogonal coordinate axes, each of which represent
the red, green, and blue colors. The axis shows the gradient of color intensity, where
the diagonal line is a grey representative from black (0,0,0) to white (1,1,1). The

color range usually are 0-255 (8 bit) and 0-65536 (16 bit) for each color?®,

Green(0,0,1)

Blue(0,1,0)

Red(1,0,0)

Figure 6. RGB color space cube

Digital image colorimetry has a bright prospect of developing analytical
methods and devices that are simple, rapid, portable, cost-effective, and versatile
which can be combined with microfluidics systems, lateral flow assays, dipstick
assays, and paper-based analytical platform. This method has been developed on
many analytical methods for several analytes, such as metal, heavy metal, antibiotics,
herbicides, pesticides, biochemical indicators, metabolomics, and pathogens®.
Therefore, this study has the purpose to expand more of the usage of this method to
analyze synthetic dyes in food and drink samples.

2.3.2 DIC method application

Several applications of digital image colorimetry (DIC) have been reported. A
method for detection of carbaryl in food samples combined liquid phase

microextraction and DIC on a microfluidic thread platform, with LOQs of 0.020-
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0.027 mg/kg?*. Another application is the detection of total iron in water and food by
coupling DLLME and DIC on a silica gel TLC plate that can maintain the color
intensity for 4 hours. This method has an LOQ of 46.5 ug/L%. The DIC was also
applied for iron detection with a different platform, namely natural biodegradable film
as an environmentally friendly substrate in DIC with an LOD of 0.09 mg/L%.
Apparently, one of the important parameters in DIC is the detection platform that
must be stable to maintain the color intensity.
2.4 Synthetic dyes

Synthetic dyes are color substances having chromophores that can resonate
and enable them to absorb visible light (400-700 nm). Chromophores are part of
molecules containing unsaturated functional groups or heteroatom functional groups,
such as -N=N- (azo), -NO or N-OH (nitrous), =C=0 (carbonyl), and C=S (sulfur).
Synthetic dyes are classified into several groups based on their chromophores, which
determine their chemical and physical properties (Table 2). The color intensity of
dyes and affinity in fabric are determined by auxochromes, such as -COOH
(carbonyl), -NHs (amine), -OH (hydroxyl), and HSOs" (sulphonate)?’. Synthetic food
colorants have been widely used in food industry to create foods more appealing and
appetizing. Synthetic dyes have replaced natural colorants due to their high resistance

to oxidation and high temperatures, cheaper prices, and color homogeneity?,
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The type of synthetic dyes that are often used in industry are azo,
anthraquinone, indigo, xanthene, and triarylmethane. In the food industry, synthetic
dyes increase appealing physical appearance in some food industries, such as
beverages, candies, cereals, snacks, and desserts. Most synthetic dyes commonly used
in food are anionic dyes e.g., Sunset Yellow (E-110), Ponceau 4R (E-124), Tartrazine
(E-102), Solid Green FDF (E-143), and Quinoline Yellow (E-104). The type and
concentration of synthetic dyes in food are being regulated in each country?’. Majority
of synthetic dyes are harmful and hard to be degraded. They could be found in food
by intentional addition to become more attractive, long-lasting food color with ease
and low production cost. The addition of some synthetic dyes into the foodstuff is
illegal and prohibited. Examples of illegal synthetic dyes used in food and drinks are
rhodamine B and crystal violet?.

2.4.1 Crystal Violet

Crystal violet (CV) is triarylmethane dye and known as basic violet 3, gentian
violet, and methyl violet 10 B. CV (Fig. 7) is commonly used as an antifungal agent
in aquaculture in some countries especially in developing countries because of its low
cost and high efficiency. CV is a banned synthetic dye for food due to its
carcinogenicity and mutagenesis in both its original form and its metabolites
(leucocrystal violet). Consumption of CV has been reported to be harmful to human

health®°.
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Figure 7. CV molecular structure

2.4.2 Rhodamine B
Rhodamine B (RhB) is a xanthene dye with bright pink color. RhB (Fig. 8) is

a toxic xenobiotic substance and can cause several effects on the human body, such as
chronic liver dysfunction or cancer and acute poisoning due to its carcinogenicity,
genotoxicity, neurotoxicity, reproductive toxicity, chronic toxicity, and irritability>L.
In 1983, the Food and Drug Administration (FDA) included RhB as a carcinogen and
prohibited RhB from being used in any food products®. International Agency for
Research on Cancer (IARC) also classifies RhB as carcinogenic chemicals, European
Food Safety Authority (EFSA) has banned RhB in food. Lethal dose 50 (LDso) in rats
of RhB is 89.5 mg/kg body weight based on the IARC report (1978)*. Nonetheless,
RhB is somehow still being used in food products to give them an appealing color due

to its bright color, availability, and cheapness®*

Figure 8. RhB molecular structure
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2.5 RSM-CCD

RSM is a multivariable statistical method that is used to optimize the dependent
variable (response) affected by several independent variables. RSM shows the
correlation between parameters and response in graphical three-dimensional space
and contour plots. CCD is an experimental design method that is used to construct the
quadratic model in RSM®. The familiar fractional factorial design utilized in the
response surface model (RSM) is the central composite design (CCD). The center
points in this design are supplemented with axial points (star points). Lower and
higher intense values are represented by the star points (Fig. 9). The CCD model
enables you to extend two level factors that are commonly used in response surface

modeling and optimization®®.

Lo
® O
(@] ® (@)
=t @ 0

e, @

Factor A

Figure 9. CCD model (green dot are star point; red dots are high and low point; blue
dot is central point)
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Chapter 3 Methodology

3.1 Materials and chemicals
Sodium hydroxide (NaOH), hydrochloric acid (HCI), tetrahydrofuran

(C4HgO), crystal violet (C25N3H30Cl) and rhodamine B (C2sH31CIN203) were obtained
from Merck (Germany). Octanoic acid (CgHi602) and acetonitrile (CH3CN) were
supplied from Sigma-Aldrich (United States of America). Decanoic acid (C1oH2002)
was purchased from Tokyo Chemical Industry. Sodium chloride (NaCl) was supplied
from Carlo Erba Reagents (France). Filter paper grade 1 was supplied from GE
Healthcare UK Limited. Milli-Q water was obtained from the water purification
system Merck Millipore (United States of America), and marker (Sakura ldentitm
Pen) was used as hydrophobic barriers in paper platform.
3.2 Apparatus and software

A pH-meter from Mettler Toledo (Thailand) was used for all pH
measurements. A centrifuge from Mettler Toledo (Thailand) and hot plate from
Merck (Germany) were used in the extraction experiments. The built-in digital camera
on a smartphone (Samsung Galaxy A52; zoom=2.5% and filter=Lolli) was used for
taking digital image of the colored droplet on the paper platform for colorimetric
analysis. A Puluz photo lightbox with LEDs was used to control the illumination
conditions when taking the image. Mean histogram color channel was analyzed by
ImageJ 1.53k (National Institutes of Health, USA). Data were analyzed by Microsoft

Excel 2016 and Statgraphics centurion 18.
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3.3 Fabrication of paper platform for droplet digital image colorimetry (DDIC)
system

The paper platform for holding the colored droplet for digital image
colorimetry was fabricated using filter paper grade 1 as illustrated in Fig. 10. A circle
border (diameter of 0.7 cm, optimized diameter) was drawn on both sides of filter
papers using a black hydrophobic marker ink prevent spreading of water content on
the paper platform. Then, the filter paper was cut into a square shape. One side of the
filter paper was covered by transparent adhesive tape to prevent the leaking of the
liquid solution. A 10 uL of Milli-Q water was first dropped on the top surface of the
paper platform to wet the inner circle space making the paper surface hydrophilic to

maintain hemisphere shape of the colored droplet.

Wetted spot Hydrophobic
marker border

Fil@glpaper Transparent tape

Figure 10. The paper platform for the DDIC system

3.4 SFOD-ELLME-DDIC Procedure
The sample solution was adjusted to pH 8.0 and 7.0 by 0.01 M HCI and

0.01 M NaOH for RhB and CV analysis, respectively. A 7 mL aliquot of sample
solution was transferred into a centrifuge tube. Then, 21.6 uL octanoic acid was added
as extracting phase to the sample solution. The mixture was manually shaken for 10 s.
The cloudy solution was observed, which was a sign of emulsification. Then, the
mixture was centrifuged for 5 min at 3000 rpm. The extracting phase (octanoic acid)

containing the RhB or CV was separated as the top layer that adhered to the wall of
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the tube. Hereafter, the solution was dipped in the ice bath to solidify the octanoic
acid-rich phase for about 1 minute. Then, the sample solution was decanted. The
remaining octanoic acid-rich phase was let liquefied at room temperature. The color
liquid was taken and dropped on the paper platform. The color image was taken with
the built-in digital camera on the smartphone inside the puluz photo lightbox
(Fig. 11). Then, the color was analyzed by ImageJ software using the intensity of the
red color channel (Fig. 12). The difference of red intensity (AI) was obtained by
subtraction of each red intensity obtained from the sample or standard solution by that

obtained from the blank as shown in equation (3).

Al = |Isoluti0n AN Iblankl (3)
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Figure 11. Schematic illustration of SFOD-ELLME-DDIC procedure
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Figure 12. Schematic illustration of droplet digital image colorimetry (DDIC)

3.5 Experimental design
Three parameters that affect the ELLME efficiency for CV and RhB

extraction were studied by RSM-CCD, including sample pH, the volume of extracting
phase, and NaCl concentration. These three factors were selected based on literature
reviews. Sample pH affects the form of analyte species in the sample or donor phase.
The appropriate pH turns the analyte into the form that can effectively have
intermolecular interaction with extracting phase molecule to increases the distribution

of analyte in extracting phase. The extracting phase volume can influence the number
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of intermolecular interactions with the analyte, and consequently the extraction
efficiency. Salt concentrations influence the ionic strength of the solution, which
affects the distribution of analyte in the organic extracting phase. These three
parameters were studied by RSM-CCD. The statistical analysis was proceeded by
using Statgraphics centurion 18.

This experiment was performed using DIC with a red color channel and a
7 mL solution containing 40 pg/L of RhB and CV as a model solution for the
optimization step. The sample pH was observed in the range of 4.0-10.0. Moreover,
the volume of extracting phase varied in the range of 25-35 pL considering the
easiness of phase separation, liquid pipetting, and the level of chemical consumption.
Additionally, the studied salt concentration range was 0.08-0.32% (w/v).
3.6 Analytical performance

The analytical performance of the proposed method was assessed for linearity,
LOD, LOQ, precision, accuracy, extraction efficiency, and enrichment factor. The
calibration curve of 5-level concentration, 3-20 pg/L for CV, and 10-40 ug/L for RhB
was used to determine linearity, LOD, and LOQ. Intra-day and inter-day precisions on
two different concentrations for CV (15 ug/L and 20 pg/L) and RhB (30 ug/L and
40 ug/L) were determined. The extraction recovery (ER%) is calculated from the
relationship between EF and phase ratio. The matrix effect and accuracy were
expressed by the relative recovery (RR%) of spiked samples with known
concentrations (for RhB: 20 pg/L and 40 ug/L were spiked in liquid samples and
1 pg/g and 2 pg/g were spiked in solid samples; for CV: 10 ug/L and 20 pg/L were
spiked). In addition, the slope of matrix-matched calibration curves from several

complex matrixes and that of calibration curve from standard solution were compared.



34

3.7 Sample analysis
3.7.1 Sample pre-treatment for samples of RhB
3.7.1.1 Beverage sample
Red beverage sample was purchased from a local store in Bangkok, Thailand.

The beverage was diluted 50 times and adjusted to pH 8.0 prior to extraction.

3.7.1.2 Candy sample

Four different brands of candy were purchased from a local store in Bangkok,
Thailand. The candy samples are pink to red color candy. Candy was grounded by
mortar and pestle. A 1.0 g of grounded candy was weighed and dissolved in 50 mL of
Milli-Q water. The mixture was heated to 80 °C for 20 min to facilitate the dissolution
of rhodamine B in the water. Then, the dissolved candy sample was filtered by filter
paper Whatman no. 1 and the pH was adjusted to pH 8.0 prior to extraction.

3.7.1.3 Jelly sample

Red jelly sample was purchased from a local store in Bangkok, Thailand. A
1.0 g of jelly was dissolved in 50 mL of boiled water. Then, the solution was filtered
by filter paper Whatman no. 1 and adjusted to pH 8.0 prior to extraction.

3.7.1.4 Chili sauce

Chili sauce sample was purchased from a local store in Bangkok, Thailand. A
2.0 g of chili sauce was weighed, dissolved with 100 mL Milli-Q water, and stirred
for 20 min. The mixture was filtered with Whatman filter paper no. 1 and the pH was
adjusted to pH 8.0 prior to extraction.

3.7.2 Sample pre-treatment for samples of CV
3.7.2.1 Drinking water

Drinking water sample was obtained from a water purifier dispenser at
Chulalongkorn university. The drinking water pH was adjusted to pH 7.0 prior to

extraction.
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3.8 Calculations
3.8.1 The relative recovery (RR%)

The %RR of spiked sample was calculated as the ratio of the concentration of
the analyte found in the spiked samples subtracted by that in the unspiked sampled to

the spiked concentration of analyte in the samples shown in equation (4).

RR% — Cfound— Cunspikecl x 100% (4)

Cspiked
Where,
Cround = concentration of the analyte found in the spiked sample
Cunspiked = cOncentration of the analyte in the unspiked sample
Cspiked = Spiked concentration of the analyte in the sample

3.8.2 Enrichment factor (EF)

The EF was obtained by the ratio of the concentration of the analyte in the
extracted solution to the concentration of the analyte in the sample, which can
practically be observed from the signal of analyte obtained with or without

microextraction system (Equation 5).

EF = lextracted (5)

Cspiked
Where,
Cextracted = CONcentration of the analyte in the extracted solution

Cspiked = Spiked concentration of the analyte in the sample
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3.8.3 The extraction recovery (ER%)

The ER% was defined as the ratio of the mass of the analyte in the extracted
solution to the mass of the analyte in the sample, which can be calculated by the

relationship between EF and phase ratio shown in equation (6).

ER% = 2t 1009 = S&tVext 1000 = EF X -2 x 100%  (6)
ng CsV Vv

SVsS S

Where,
Next = Mass of the analyte in the extracting phase
ns = mass of the analyte in the sample solution
Cext = concentration of analyte in the extracting phase
Cs = concentration of analyte in the sample solution
Vext = Volume of the extracting phase
Vs = volume of the sample solution

3.8.4 Limit of Detection (LOD)

LOD is the lowest concentration that can be detected by the method which can

be estimated based on three times of standard error of regression (syix) (Equation 7).

3 x Standard error of the regression

LOD =

(7)

slope

3.8.,5 Limit of Quantification (LOQ)
LOQ is the lowest concentration that can be measured with reliable accuracy
which can be estimated based on ten times of standard error of regression (Sysx)

(Equation 8).

10 x Standard error of the regression (8)

LOQ =

slope
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Chapter 4 Results and discussions

4.1 Droplet digital image colorimetry

The development of a paper platform that is suitable for small volume of
organic solvent is the novelty in this research. In every DIC, a suitable final solution
holder platform is needed. The platform must be able to hold the final solution in one
spot to maintain the color intensity. Paper platform was used in this research as the
final solution holder. The paper was used due to its versatility, cheapness, modifiable,
and availability. The main concept is to hold the final-colored octanoic acid-rich
phase in the hemisphere shape to increase the color intensity. The glass and plastic
surface were tested to hold the octanoic acid-rich phase into droplet shape, yet these
materials were not suitable. Since the octanoic acid-rich phase could absorb into the
paper pores causing low color intensity, making the paper surface more hydrophilic
by prewetting the paper surface with water could make the paper surface more
hydrophilic. The prewetting process prevents the absorption and keep the drop
hemisphere shape on the top of the paper platform (Fig. 13). This treatment is simple,
cheap, and might be used as an alternative approach for treating the paper surface to
be more hydrophobic without using synthesized materials. Nevertheless, the obstacle
from droplet shape was the light reflection that might disturb the color analysis.
Therefore, the LED light source was placed on the side of the lightbox (Fig. 14) to

decrease the reflection in the convex droplet surface.
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# O
3 !
a b
Figure 13. The comparison of final solution color intensity in (a) pre-wetted paper
platform and (b) normal paper platform

Light reflection Light reflection
LED array
light as the 4
light source
i 1i
a b

Figure 14. (a) Puluz light box setup with the light source on the side of the box (b)
droplet image when the light source is on the (i) top and (ii) side of the light box

4.2 Optimization for solidification of floating organic drop-emulsification
microextraction

The extraction condition of solidification of floating organic drop-
emulsification microextraction using surfactant coupled with droplet digital image
colorimetry (SFOD-ELLME-DDIC) was optimized by one factor at a time (OFAT)
and RSM-CCD.

4.2.1 Selection of color channel

RGB color space has several color channels such as red, green, and blue
channels which are important factors that can determine sensitivity in the digital
colorimetry detection system. Each color channel will give different linearity and
sensitivity. The chosen color channel should show the best linearity (R?) and
sensitivity (steepest slope) for the system. The RGB intensity of the extracted CV and

RhB were studied in the concentration range of 20 — 60 ug/L. The intensity difference
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of analyte in the extract and the blank; Al = |Isoiution — Iblank|, Was determined. Fig. 15
shows the intensity difference for the red, green, and blue channel from the extraction
result solution, where red channel has the highest intensity difference, highest slope,

and highest R? for both CV and RhB.
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R220.1134
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Figure 15. The red, green, and blue intensity difference of the SFOD-ELLME-DDIC
of (@) CV and (b) RhB; (condition: surfactant volume, 25 pL; pH solution, 6;
agitation time, 30 s; total volume, 5 mL; centrifugation rate, 3000 rpm; centrifugation
time, 10 min; distance between the camera and paper platform, 25 cm).
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4.2.2 Effect of extraction solvent type

The amphiphilic medium-chain carboxylic acids have beneficial properties as
extracting phases for CV and RhB. These extracting phases are faster to coalesce,
easy to be emulsified, and have good intermolecular interaction with complex
aromatic chemicals. In this study, two medium-chain carboxylic acids (decanoic acid

and octanoic acid) were tested as extracting phase in SFOD-ELLME. The results are

a
30 -
= 20 -
10 -
o - , ,

Decanoic acid Octanoic acid

shown in Fig. 16.

EaN
o
]

Decanoic acid Octanoic acid

Figure 16. Effect of extraction solvent type in the SFOD-ELLME-DDIC of (a) CV
and (b) RhB; (condition: surfactant volume, 25 pL; concentration of CV and RhB, 40
ug/L; pH solution, 6; agitation time, 30 s; total volume, 5 mL; centrifugation rate,
3000 rpm; centrifugation time, 10 min; distance between the camera and paper
platform, 25 cm).

As a result, octanoic acid yielded the highest Al of red color intensity for both
CV and RhB. The reason for the result is probably because octanoic acid can undergo
emulsification easier, better phase separation and easily to be liquified

(freezing/melting point at 16 °C)¥. Decanoic acid yielded lower red intensity



41

probably because of incomplete separation during the solidification process and
dilution during the liquefication step. Decanoic acid is a solid at room temperature
(freezing/melting point at 32 °C)*® and need to be dissolved by tetrahydrofuran (1
g/mL) before used. During the solidification process, decanoic acid was difficult to be
separated and collected due to the presence of THF that could not be solidified
(freezing/melting point at -108 °C). When the sample was decanted, some decanoic
acid might be lost. Besides, during the liquefication step, decanoic acid was
redissolved in THF causing dilution effect to the color intensity measurement.
Therefore, octanoic acid was chosen as the extracting solvent for further experiments.

4.2.3 Effect of manual shaking and centrifugation time

Agitation by manual shaking was used to facilitate the emulsification of
extracting phase (octanoic acid) that influenced the mass transfer efficiency of the
analyte. After the extraction, centrifugation was used to separate the aqueous phase
and the surfactant-rich phase. In this study, shaking time ranging from 5 to 20 s and
centrifugation time ranging from 3 to 20 min at 3000 rpm were varied. As shown in
Fig. 17 and Fig. 18, there is no significant intensity difference observed in all range of
shaking time and centrifugation time. Shaking time of 10 s and centrifugation time of

5 min were chosen for further experiments.
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Figure 17. Effect of shaking time in the SFOD-ELLME-DDIC of (a) CV and (b)
RhB; (condition: extracting phase, octanoic acid; surfactant volume, 25 pL;
concentration of CV and RhB, 40 ug/L; pH, 5; total volume, 5 mL; centrifugation
rate, 3000 rpm; centrifugation time, 10 min; distance between the camera and paper
platform, 25 cm).
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Figure 18. Effect of centrifugation time in the SFOD-ELLME-DDIC of (a) CV and
(b) RhB; (condition: extracting phase, octanoic acid; surfactant volume, 25 uL;
concentration of CV and RhB, 40 pg/L; pH, 5; shaking time, 10 s; total volume, 5

mL; centrifugation rate, 3000 rpm; distance between the camera and paper platform,
25 cm).

4.2.4 Effect of sample volume

The sample volume ranging from 1 to 10 mL (the maximum volume for the
centrifugation tube) were studied. As shown in Fig. 19, the intensity difference
increased when the sample volume was increased up to 7 mL and not significantly
increased for the sample volume of more than 7 mL. The increased sample volume
would provide more mass of analyte to be transferred into the extracting phase;

however, at one point the mass extracted could have been limited by the capacity of
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the extracting solvent. The sample volume of 7 mL was chosen for the next

experiment.
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Figure 19. Effect of sample volume in the SFOD-ELLME-DDIC of (a) CV and (b)
RhB; (condition: extracting phase, octanoic acid; centrifugation rate, 3000 rpm;
surfactant volume, 25 pL; concentration of CV and RhB, 40 ng/L; pH solution, 6;
shaking time, 10 s; centrifugation rate, 3000 rpm; centrifugation time, 5 min; distance
between the camera and paper platform, 36 cm).

4.2.5 Optimization of camera-paper platform distance

The optimization of distance will provide the best configuration that can give
the best color intensity as the result of color reflection. In this study, 3 distance values
were tested, including 36 (maximum height of the lightbox), 25, 14 cm. As shown in

Fig. 20, the best distance was 36 cm, probably because this distance gave the best
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efficiency of autofocus to obtain optimum sharpness®. Hence, 36 cm was used for the

next experiments.
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Figure 20. Optimization of camera-paper platform distance in the SFOD-ELLME-
DDIC of (a) CV and (b) RhB; (condition: extracting phase, octanoic acid; surfactant
volume, 25 pL; concentration of CV and RhB, 40 ug/L; pH, 5; shaking time, 10 s;
total volume, 5 mL; centrifugation rate, 3000 rpm, centrifugation time, 5 min).

4.2.6 Experimental design
In the CCD, three factors such as sample pH (A), the volume of extracting

phase (B), and NaCl concentration (C) were studied using 5 levels (-a, -1, 0, +1, +a)
and two replicates of the central point (Table 7). Therefore, 17 runs were performed in
total with a certain experimental design level of factors that were randomly chosen by
Statgraphics centurion 18 and the color intensity (Al) was measured (Table 8).

The ANOVA table (Table 9) and Pareto chart (Fig. 21) show the statistical

significance of each parameter by comparing the mean square against an estimate of
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the experimental error. In Fig. 21, gray bars in the Pareto chart indicate positive
correlation to the response intensity for the SFOD-ELLME-DDIC (changes are in the
same direction) and blue bars indicate negative correlation (changes are in the
opposite direction). The vertical line presents the threshold of significant level at 95%
confidence. The bar that passes this threshold suggesting the significant effect to the
response intensity (P-value < 0.05). The parameters that give negative correlation to
the response color intensity are extracting phase and salt concentration for both CV
and RhB. Sample pH shows negative correlation in extraction of CV while gives
positive correlation in extraction of RhB. Only quadratic term of pH (AA) in CV
optimization has significant effect to the response intensity (P-value < 0.05) indicating

that the proposed method is robust in that range of parameters.

Standardized Pareto Chart for Intensity

a
AA = -
B:V of EP == -
A:pH
sc | [
cc| [ |
s | [
cyacl | [
» | [
0 0.5 1 15 2 25
Standardized effect
b Standardized Pareto Chart for Intensity
T T
cc | | | = -
a | I =
BB | | |
w |
| |
e | [ |
cac | [
0 0.4 0.8 12 1.6 2 2.4

Standardized effect

Figure 21. Pareto Chart of several affecting independent variable for (a) crystal
violet and (b) rhodamine B
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The three-dimensional illustration of the response surface is shown in Fig. 22.
The optimum level of sample pH was 7.0 for CV and 8.0 for RhB, where both CV and
RhB exists in its less polar form and more lipophilicity and tends to distribute more in
the octanoic acid. At pH < 7, CV (pKa 4.83) and RhB (pKa = 3.50 and 4.34) were
protonated and dominated as charged species (Fig 26a and Fig. 27) which showed less
distribution in the organic solvent (Fig. 26b and Fig. 28). Therefore, low extraction
efficiency or low color intensity was observed. At higher pH, the phase separation
became difficult, hardly separated, and collected, probably because the octanoic acid
started to be dissociated. Besides, the collected extracting phase could not form
hemisphere shape on the paper platform resulting in no intensity could be measured

(pH 12 in Table 8).

Estimated Response Surface
a NaCE0.0

Intensity
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h Estimated Response Surface
NaClE=0.0

Intensity

Figure 22. Response surface of sample pH and volume of extracting phase; (a) CV
and (b) RhB

Increase in extracting phase volume up to 21.6 pL could improve the
extraction efficiency and response intensity. Moreover, the more extracting phase
volume could lead to analyte dilution and decrease in response intensity. Salt
concentration shows a negative correlation to color intensity (Fig. 21). It seems that
salt may have electrostatic interaction with polar moiety of the surfactant molecule
that could affect the mass transfer of the analytes (CV and RhB) in the extracting
phase.

4.2.7 The effect of the region of interest (ROI) area in DIC analysis
The region of interest (ROI) is the feature of ImagelJ software that allows the

specific area to be selected for color analysis. The ROI was optimized by measuring
the red intensity (R) on the drop area ranging of 100-2000 px? using an elliptical
selection toolbar. As shown in Fig. 23, the red color intensity observed in all areas of

the drop was not significantly different based one-way ANOVA results shown in
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Table 10 (P-value > 0.05) for both RhB and CV. Therefore, the red intensity could be

measured on the drop regardless of the ROI area.
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Figure 23. The effect of ROI area in the SFOD-ELLME-DDIC of (a) CV and (b)
RhB; (condition: surfactant volume, 21.6 uL; concentration of RhB, 40 ug/L;
concentration of CV, 20 pg/L; pH, 8; shaking time, 10 s; total volume, 7 mL;
centrifugation rate, 3000 rpm; centrifugation time, 5 min; distance between the
camera and paper platform, 36 cm).

In summary, the optimum extraction conditions for SFOD-ELLME of CV and
RhB can be described as that a sample of 7 mL adjusted to pH 7.0 for CV and pH 8.0
for RhB was extracted with 21.6 puL of octanoic acid shaken for 10 s and centrifuged
for 5 min at 3000 rpm for phase separation without adding salt. Then, the extracted

drop was removed and dropped on the paper platform for taking a digital image at the
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distance of 36 cm in the light-controlled box. The color image of the drop was
analyzed at the red intensity.
4.3 Analytical features

Analytical performance of the SFOD-ELLME-DDIC of CV and RhB that was
summarized in Table 3. Fig. 24 displays the calibration curves of CV and RhB
showing good linear relationship for the concentrations range of 3-20 pg/L for CV
and 10-40 pg/L for RhB with R? greater than 0.995. The limit of detection (LOD) and
limit of quantitation (LOQ) were determined based on 3 times and 10 times standard
error of the regression line (Syx). The LOD and LOQ for CV were 0.8 ug/L and 3
ug/L and for RhB were 3 ug/L and 10 ug/L, respectively. The enrichment factors (EF)
were 288 and 97 for CV and RhB, respectively. The intra-day and inter-day precision
reported as relative standard deviation percentage (%RSD) at the concentration of CV
and RhB were less than 14% RSD, respectively. The extraction recovery (ER%)
calculated using the relationship of EF and the volume ratio was 89% for CV and

30% for RhB. According to the AOAC guideline, all the parameters are acceptable.
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Figure 24. Calibration curve (a) CV 3-20 pg/L and (b) RhB 10-40 pg/L with
(condition: sample volume, 7 mL; pH of sample, 7.0 for CV and 8.0 for RhB,;
extracting phase (octanoic acid) volume, 21.6 pL; shaking time, 10 s; centrifugation
time, 5 min; centrifugation rate, 3000 rpm; distance between the camera and paper
platform, 36 cm)

Table 3. Analytical figures of merit of the developed SFOD-ELLME-DDIC

procedure.

Parameters CVv RhB

Linear range 3-20 pg/L 10-40 pg/L

LOD? 0.8 ng/L 3 ug/L

LOQP 3 nug/L 10 pg/L

Linearity (R?) 0.999 0.995

Intra-day precision, RSD%° (n = 3) 15ug/L 7% 30 ug/L 5%
20 pg/l 4% 40 ng/L 8%

Inter-day precision, RSD% (n = 3 x 3) 15pug/L  7-10% 30ug/L  5-8%
20ug/L 3-7% 40pug/L  8-14%

ER%° 89% 30%

EF® 288 97

2 Limit of detection

b Limit of quantification
Relative standard deviation
d Extraction recovery

¢ Enrichment factor

4.4 Matrix effect analysis

For determination of RhB, samples containing red color such as berry flavored
beverage, candy, jelly, and chili sauce were chosen for possible matrix effect or
matrix interference study. The berry flavored beverage sample had red color, which

was too intense for the analysis. Therefore, the beverage was diluted 50 times prior to
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extraction. The matrix effect was evaluated by comparison of the slopes from the
matrix-matched calibration curve and the external standard calibration curve shown in
Fig. 25. Most of the samples gave the slopes similarly to that of the standard solution
indicating that matrix effect was not significant. According to the information listed
on the packaging (Table 11), the red color samples commonly contain coloring agents
such as Allura red AC (INS 129), Ponceau 4R (INS 124), tartrazine, betanin, and
anthocyanin peonidin-3-O-galactoside. Those dyes are classified as synthetic and
natural dyes that have low lipophilicity. Therefore, those dyes might not be extracted
by octanoic acid and interfere the system. The slope of chili sauce was much deviated
from the slope of the standard solution suggesting that there was possible matrix
effect. Apparently, the matrix of the chili sauce contains yellow color background,
which might be capsanthin®, a natural antioxidant commonly found in chili.
Capsanthin is an alkaloid group chemical with 11 conjugated double bonds, hydroxyl,
a conjugated keto group, and cyclopentane, which would be present in neutral form
with high lipophilicity in any pH range (Fig. 29). This color substance could have
been co-extracted into octanoic acid and subsequently affected the measurement of
the red intensity. Therefore, for chili sauce, the matrix-matched calibration curve is
used.

The method was attempted to extract and determine RhB in chili powder
samples, but it was not successful. As similarly observed in the chili sauce sample,
chili powder contains some chemicals mainly Capsanthin that can be extracted into
the octanoic acid and disturb the colorimetric detection system. As shown in Fig. 30,
the chili powder that was extracted by ethanol and let dry contained red-orange color

oily residue assumed as capsanthin®® at the bottom of the beaker. To avoid the
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extraction of hydrophilic capsanthin, the chili powder was first extracted with water
and then extracted with octanoic acid. As shown in Fig 31, the extract still contained
red-orange color that strongly interfere with the digital image colorimetry. Besides,
some oily substances could disturb the coalescence in the phase separation step.
Therefore, this developed method cannot be applied to chili powder. This method is
successfully applied to chili sauce because it contains lower amount of chili
composition and less amount of capsanthin.

For determination of CV, natural water samples such as river water were
chosen for study. River waters contain solid suspensions that may be from sand,
humus, and microplastic (Fig. 32). Therefore, the sample was filtered prior to
extraction. Experimentally, no CV was found in the extracted spiked river water
samples (Fig. 33). Since CV was spiked into the sample prior to filtration, CV could
have been absorbed onto the suspended organic matters and could be filtered out with
particulate matters*. To prove this hypothesis, CV was spiked into the sample after
removal of particulate matters and then extracted. As shown in Fig 34, CV was found.

This developed method may have failed to apply for determination of CV in
fish tissue samples. Fish tissue contains proteins that can have hydrophobic
intermolecular interaction with CV*#2 that could cause difficulty in extraction of CV in
fish tissue. Acetonitrile was exploited as an extracting solvent of CV in fish tissue.
Acetonitrile is a solvent commonly used for protein denaturation or protein
precipitation*®. Despite the protein structures have been disrupted and precipitated and
CV has been released, CV could still be absorbed on the protein precipitation (Fig.

35) and could be lost when filtered.
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Figure 25. Matrix-matched calibration curve of real samples and external calibration
curve of standard solution.

4.5 Analysis of real samples
The method of SFOD-ELLME-DDIC was applied for determination of spiked

RhB in various samples. The results are summarized in Table 4. The relative
recoveries (%RR) of spiked RhB at 20 pg/L and 40 pg/L in beverage, candy and jelly
samples were in the range of 95-102 %; 73-113 %; and 87-110 %, respectively. The
RR% of spiked RhB at 1 pg/g and 2 pg/g in the chili sauce sample were in the range
of 93-98 % using matrix-matched calibration curve. The RSD% of less than 17 % was
obtained for all samples. This method was applied for determination of spiked CV in
drinking water. The results are summarized in Table 5. The %RR of spiked CV at 10

ug/L and 20 pg/L in drinking water were in the range of 104 % and 113 %.

45
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Table 4. Determinations of RhB in several samples by SFOD-ELLME-DDIC (n=3)

Sample Added (ng/L) Found (ng/L) RR (%) RSD (%)

Beverage 0 n.d. -
20 20.4 102 17

40 38.0 95 5

Candy 1 0 n.d. - -

20 21.2 106 18

40 395 99 11

Candy 2 (no.4) 0 n.d. - -
20 21.9 110 14

40 30.1 75 10

Candy 3 (no. 5) 0 n.d. - -
20 20.3 102 3

40 29.2 73 12

Candy 4 (no. 6) 0 n.d. - -
20 22.6 113 1

40 34.2 86 2

Jelly 0 n.d. - -
20 22.0 110 10

40 34.6 87 7

Sample Added (ug/g) Found (ng/g) RR (%) RSD (%)

Chili sauce 0 n.d. - -
1 0.9 95 15

2 1.9 98 12

Table 5. Determinations of CV in drinking water sample by SFOD-ELLME-DDIC
(n=3)

Sample Added (ng/L) Found (pg/L) RR (%) RSD (%)
Drinking water 0 - - -
10 10.4 104 6
20 22.6 113 11

4.6 Significance and implications
This developed method combines the SFOD-ELLME and DIC. This

combination provides a high enrichment factor from the ELLME that can serve as a
good sensitivity and simple detection method for the DIC system. From previous
research studies (Table 6), the development of a tandem method between LPME and
DIC for synthetic dye determination has still not been developed. Therefore, this

aspect is one of the novelties of this research.
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Chapter 5 Conclusion

This research has successfully developed the extraction method based on
ELLME coupled with DIC for determination of synthetic dyes such as rhodamine B
and crystal violet in various complex food and drink samples. The use of fatty acid
surfactant as the extracting solvent provides microextraction via emulsification
yielding high enrichment factor without assistance of disperser solvent. The extracted
phase could be easily separated and collected by solidification approach at low
temperature. The extracted droplet is then defrosted and dropped on the paper
platform for rapid and simple DIC detection. The method is applied for determination
of spiked CV and RhB in food samples showing good %RR and %RSD with LOQ at
3 and 10 ug/L for CV and RhB, respectively. However, this developed method may
have some limitations for samples containing lipophilic components whose color
could interfere with DIC method and those containing absorptive particle that could
affect extraction efficiency. By using surfactant as extracting phase with very small
volume and paper platform, this method can be considered green analytical method,

which complies to green chemistry principles.



APPENDIX

Table 7. The experimental levels of the variable in the CCD

Variable parameter Variable levels (0=1.68)
-0 -1 0 +1 +a,
(low) (high)
A Sample pH 20 40 7.0 10 12
B  Volume of extracting phase (uL) 21.6 25 30 35 38.4
C  NaCl concentration (m/v%) 0 01 02 03 04

Table 8. The runs of CCD and the measured intensity of CV and RhB.

Run A B C Al 2Al2
1 7.0 30.0 0.4 37.3 171
2 10.0  25.0 0.3 40.8 18.2
3 120 30.0 0.2 0 0

4 4.0 25.0 0.3 40.6 7.2
5 7.0 30.0 0.0 34.6 16.1
6 4.0 25.0 0.1 41.3 13.1
7 100  35.0 0.3 27.2 14.2
8 7.0 30.0 0.2 374 12.6
9 4.0 35.0 0.1 28.9 10.4
10 7.0 30.0 0.2 37.1 9.2
11 7.0 21.6 0.2 41.2 175
12 7.0 38.4 0.2 235 12.3
13 100 25.0 0.1 45.0 18.1
14 2.0 30.0 0.2 30.1 8.5
15 100 35.0 0.1 32.6 17.1
16 7.0 30.0 0.2 42.9 12.3
17 4.0 35.0 0.3 30.4 12.6
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& Al is the difference between color intensity of standard solution from blank; 1 and 2

refer to CV and RhB



Table 9. Analysis of Variance (ANOVA) of CCD
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Source Sum of Squares Df Mean Square F-Ratio P-Value
CcVv RhB CcVv RhB CcVv RhB CV RhB
A:samplepH 156.398 7.06061 1 156.398 7.06061 1.89 0.34 0.2120 0.5790
B: V of EP 450.049 8.887 1 450.049 8.887 543 043 0.0526 0.5348
C: NaCl 134748 16371 1 1.34748 1.6371 0.02 0.08 0.9021 0.7875
concentration
AA 486.233 49.8188 1 486.233 49.8188 586 2.39 0.0460 0.1662
AB 1.31058 7.50001 1 1.31058 7.50001 0.02 0.36 0.9035 0.5677
AC 13.6608 0.103961 1 13.6608 0.103961 0.16 0.00 0.6969  0.9457
BB 2.22116 30.5917 1 2.22116 30.5917 0.03 147 0.8746 0.2652
BC 0.091592 3.14249 1 0.091592 3.14249 0.00 0.15 0.9744 0.7095
cC 7.39997 57.6622 1 7.39997 57.6622 0.09 2.76 0.7738 0.1404
Total error 580.455 146.03 7 82.9222 20.8614
Total (corr.) 1792.82 360.625 1

Microspecies distribution (%)

LogD

Figure 26. Crystal violet (a) microspecies distribution graph and (b) lipophlicity-pH
graph (Chemicalize was used for calculating this property on 21 June 2022,

HEL A & L CH;
s e

https://chemicalize.com/, developed by ChemAxon)
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Figure 27. Dominant rhodamine B molecular structure in pH<3.5
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14

Figure 28. Diagram of pH-lipophilicity of rhodamine B (Chemicalize was used for
calculating this property on 21 June 2022, https://chemicalize.com/, developed by

ChemAXxon)

Table 10. One-way ANOVA result of ROl area

A RhB Ccv
( pl;fz? Mean intensity Mean intensity
1 2 3 Average 1 2 3 average

100 197.33 196.23 197.34  196.97 183.92 184.36 186.22 184.83
200 196.30 195.99 197.22  196.50 184.69 185.36 185.64 185.23
400 195.89 196.72 196.34  196.32 185.53 185.76 186.10 185.80
1000 197.18 197.33 19598  196.83 186.24 185.67 186.11 186.01
2000 196.96 196.99 197.00 196.98 185.60 186.89 185.69 186.06

mean 196.72 185.58

SD 0.30 0.53

%RSD 0.15 0.29

P-value 0.94 0.32
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Table 11. List of dyes in the samples that is analyzed

Name of the dye Class of Exist in sample Lipophilicity in
dyes pH 8

Allura red AC (INS 129) Az0 Beverage and LogD=-1

candy no. 6
Ponceau 4R (INS 124) Az0 Candy no. 4 and LogD=-3.5

jelly
Tartrazine Azo0 Candy no. 6 LogD =-8
Betanin Alkaloid Candy no. 1 LogD =-11
Anthocyanin peonidin-3-O- Anthocyanin  Candy no. 5 LogD =-2
galactoside

100

o N
90
80 3
70

60

Micro sp ecies distribution (%)
[5,]
=

Figure 29. Figure of (a) molecular structure of capsanthin (b) the microspecies
distribution of capsanthin in various pH (Chemicalize was used for calculating this
property on 11 September 2022, https://chemicalize.com/, developed by ChemAxon)

Figure 30. Residue from the extract from chili powder sample
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Figure 31. figures of (a) aqueous extract from chili (b) microextraction result of
aqueous extract

—

Figure 33. Spike river water before filtration with 0 (non-spiked); 1 (10 pg/L); 2 (20

ng/L) -
s i~
> & 2 @&

1

Figure 34. Spike river water after filtration with 0 (non-spiked); 1 (10 pg/L); 2 (20
ng/L)
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