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ABSTRACT
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ABSORPTION SPECTROMETER

Sare KESEKLER

Doctor of Philosophy, Department of Chemistry
Supervisor: Prof. Dr. Cigdem ARPA CALISIR
Co- Supervisor: Assoc. Prof. Dr. llknur DURUKAN TEMUGE
March 2022, 129 pages

In this thesis, a simple, low-cost, and green effervescence-assisted dispersive liquid-liquid
microextraction based on deep eutectic solvent (EA-DES-LPME) method was developed for
separation, preconcentration, and determination of lead, copper, nickel, and cobalt in cotton
textile products in different colors that collected from various fabric shops in Ankara,
Turkey, prior to analysis with flame atomic absorption spectrometry (FAAS). The
complexation of metal ions was carried out by using 0.1 % (w/v) 8-hydroxyquinoline (8-
HQ) as a complexing agent. The deep eutectic solvent was prepared by mixing choline
chloride (ChCI) and phenol (Ph), where used as an extraction solvent. In this method, the
dispersion of the extraction solvent is achieved by effervescence reaction, which is
performed by carbon dioxide bubbles production. The effervescent agent is environmentally
friendly and only produces an increase in the ionic strength and a negligible variation in the
pH value of the aqueous sample, which does not interfere with the extraction of the analytes.
For this purpose, a special tablet containing ascorbic acid (AA) as a proton donor and sodium
carbonate (SC) as a carbon dioxide source in a certain molar ratio was used. THF was utilized
as an aprotic solvent and allows the extraction solvent to separate from the aqueous phase

by self-aggregation. All parameters related to the effervescence agent and deep eutectic



solvent that affects the extraction efficiency were investigated and optimized in detail, as
well as the effect of pH, and the amount of 8-HQ and THF. As a result of the optimization
studies, the highest extraction efficiency was achieved when pH is 6.0, effervescence tablet
composition is (AA: SC) with (2:1) molar ratio, effervescence amount is 0.457g powder or
2 tablets, effervescence time is 2.5 min, DES volume is 1000 pL and synthesized from ChCl:
Ph at 1:3 mole ratio, 8-HQ volume is 750 pL, and THF volume is 1000 pL. Under these
optimal conditions, the analytical performance of the proposed method was evaluated based
on the enhancement factor (EF), limit of detection (LOD), limit of quantification (LOQ),
percent recovery, and accuracy criteria. When applying the EA-DES-DLLME method under
optimum conditions for Pb (11), Cu (1), Ni (II), and Co (II) the results are as follows: the
EFs are 62.5, 52, 57.5, and 52.5 respectively; the LODs in ug L™ are 2.44, 1.29, 0.58, and
1.55 respectively; the LOQs in ug L™ are 8.13, 4.30, 1.93, and 5.16 respectively; the percent
RSDs (n=10) are 1.07, 1.61, 1.35, and 1.97 respectively. In addition, the method was applied
to the real samples (different cotton textiles with different colors), and the recovery results
were found as follows: 97.20 — 101.70 % for Pb (1), 97.60 — 101.92 % for Cu (II), 95.65 —
104.35 % for Ni (1), and 96,76 — 101.52 % for Co (l1). The concentrations of these trace
metal ions in cotton textile samples were found to be in the range of 0.26 — 7.52 ug g* Pb
(1), 1.27-77.35 ug g* Cu (I1), 0.66 — 5.00 pg g* Ni (1), and 0.64 —5.58 pug g Co (11). On
the other hand, it was revealed that the matrix effect is not important in the method and the

method can be applied to real samples with high accuracy and sensitivity.

Keywords: Preconcentration, Enhancement, Lead, Copper, Nickel, Cobalt,
Microextraction, Deep eutectic solvents, Effervescence-assisted, EA-DES-DLLME, cotton

textile samples, Flame Atomic Absorption Spectroscopy.



OZET

TEKSTIL URUNLERINDE ESER DUZEYDEKI AGIR METAL
IYONLARININ ONDERISTIRILMESI VE ALEVLI ATOMIK
ABSORPSIYON SPEKTROMETRESI iLE TAYINIi

Sare KESEKLER

Doktora, Kimya Bolumi
Tez Damismani: Prof. Dr. Cigdem ARPA CALISIR
Es Damisman: Dog. Dr. Ilknur DURUKAN TEMUGE
Mart 2022, 129 sayfa

Bu tez c¢alismasinda, kursun, bakir, nikel ve kobaltin alevli atomik absorpsiyon
spektrometrisi (FAAS) ile tayini 6ncesinde ayrilmasi ve zenginlestirilmesi i¢in basit, diisiik
maliyetli ve yesil bir ydntem olan derin 6tektik ¢6ziicii kullanimina dayali efervesan destekli
dispersif sivi-sivi mikroekstraksiyonu (EA-DES-LPME) gelistirilmistir. Yontem, Ankara,
Tirkiye' deki gesitli kumas magazalarindan saglanan farkli renklerde pamuklu tekstil
tiriinlerine uygulanmistir. Calismada, metal iyonlarinin komplekslestirilmesi %0.1 (a/h) 8-
hidroksikinolin (8-HQ) kullanilarak gerceklestirilmistir. Ekstraksiyon ¢0Oziiclisii olarak
kullanilan derin 6tektik ¢6ziicii, kolin kloriir (ChCl) ve fenol (Ph) kullanilarak hazirlanmis
ve ekstraksiyon ¢oziiclisiiniin dispersiyonu, karbondioksit kabarciklarinin {iretimi ile
gerceklestirilen efervesan reaksiyonu ile saglanmistir. Kullanilmis olan efervesan madde
cevre dostudur ve sadece iyonik kuvvette artisa ve sulu numunenin pH degerinde ihmal
edilebilir bir degisime neden olmakta ve bu durum analitlerin ekstraksiyonu tzerinde
herhangi bir olumsuz etkiye sebep olmamaktadir. Efervesan madde, proton verici olarak
askorbik asit (AA) ve karbondioksit kaynagi olarak sodyum karbonatin (SC) belirli mol
oraninda karigtirillmasiyla tablet seklinde hazirlanmistir. Aprotik bir ¢6ziici olan THF,

ekstraksiyon ¢ozlclsunin self-agregasyon ile sulu fazdan ayrilmasini saglamistir. pH etkisi,



8-HQ ve THF miktarinin yani sira efervesan madde ve derin 6tektik ¢oziict ile ilgili olan ve
ekstraksiyon verimini etkileyen tiim parametreler, detayli olarak arastirilmis ve optimize
edilmistir. Optimizasyon g¢alismalart sonucunda en yiiksek ekstraksiyon verimi pH 6.0,
efervesan tablet bilesimi 2:1 mol oranina sahip AA:SC, efervesan miktar1 0.457 g toz veya
2 tablet, efervesan suresi 2.5 dk, DES kompozisyonu 1:3 mol oraninda ChCI:Ph, DES hacmi
1000 pL, 8-HQ hacmi 750 pL ve THF hacmi 1000 pL'dir. Bu optimum kosullar altinda,
onerilen yontemin analitik performansi, zenginlestirme faktori (EF), gbzlenebilme sinirt
(LOD), tayin smir1 (LOQ), geri kazanim yiizdesi ve dogruluk kriterlerine gore
degerlendirilmistir. EA-DES-DLLME ydnteminin optimum kosullar altinda Pb (II), Cu (II),
Ni (1) ve Co (1) tayini icin uygulanmasinda elde edilen sonuglar sirasiyla su sekildedir: EF,
62.5, 52, 57.5 ve 52.5; LOD pg L cinsinden, 2.44, 1.29, 0.58 ve 1.55' tir; LOQ pg L*
cinsinden, 8.13, 4.30, 1.93 ve 5.16; %RSD (n=10) 1.07, 1.61, 1.35 ve 1.97' dir. Ayrica,
yontem gercek numunelere (farkli renklere sahip farkli pamuklu tekstil Griinleri) uygulanmis
ve geri kazanim sonuglari su sekilde bulunmustur: Pb (1) igin % 97.20 — 101.70, Cu (1) igin
% 97.60 — 101.92, Ni (I1) igin % 95.65 — 104.35 ve Co (1) i¢in % 96.76 — 101.52. Pamuklu
tekstil numunelerinde bu eser metal iyonlarinin derisimlerinin 0.26 —7.52 pug g Pb (I1), 1.27
— 77.35 ug gt Cu (1), 0.66 — 5.00 pg g Ni (11) ve 0.64 — 5.58 ug g Co (II) araliginda
oldugu bulunmustur. Ote yandan, yontemde matriks etkisinin énemli olmadig1 ve ydntemin

gercek orneklere yiliksek dogruluk ve hassasiyetle uygulanabilecegi ortaya konmustur.

Anahtar Kelimeler: Onderistirme, Zenginlestirme, Kursun, Bakir, Nikel, Kobalt,
Mikroekstraksiyon, Derin otektik ¢Ozuculer, Efervesans destekli, EA-DES-DLLME,

pamuklu tekstil numuneleri, Alev Atomik Absorpsiyon Spektroskopisi.
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1. INTRODUCTION

Environmental pollution has been identified as one of the fundamental issues in the modern
world where rapid increase in world population, technological and industrial progress, as
well as an increase in irregular urbanization rate, and the excessive consumer demand of
people, have caused environmental pollution, especially in emerging countries. As a result,
the harmful effects of poor environmental conditions on human health and other living
organisms began to appear. The gradual increase in such environmental and health problems
makes analytical chemistry even more important. Therefore, it has become necessary to
investigate and identify these effects in many different areas such as environmental

pollution, electronics, and industry [1].

Heavy trace elements are at the forefront of materials that are widely used in industry, are of
vital importance to living organisms when present at the required level, and cause toxic
effects, and pollution when used excessively. In general, there are two sources of heavy
metals in the environment, they are natural and unnatural. Natural resources are the result of
an external influence such as natural and anthropological disasters and hydrothermal
processes. As for the unnatural sources, they are largely formed as a result of industrial
activities such as smelting and refining activities, mining industry activities, and
transportation activities, as well as the manufacture of pesticides and fertilizers used in

agriculture.

There are many health risks associated with the toxicity of heavy metal, as it has been shown
to be a significant threat to the environment and to humans in particular. Even if these
elements do not have any biological role in the human body, they may be present in other
forms that are harmful or sometimes act as pseudo-elements while they may interfere with
metabolic functions at certain times. These toxic species are not removed from the body, but
rather accumulate in the soft tissues and cause mutagenic reactions and fatal diseases such
as cancer, damages to organs, heart disease, and disorder to the nervous system [2]. The
dosage that has been absorbed, and the method and period length of exposure to these metals
determine the degree of toxicity (acute or chronic). This can cause a variety of problems, as
well as severe damage from oxidative stress caused by free radical generation. As a result,
several public health interventions have been implemented to manage, prevent, and treat
metal poisoning at various levels, including occupational exposure, accidents, and

environmental influences [3].



The garment and textile industry is one of the important sectors that meet the daily needs of
human beings. The chemicals in textile manufacturers can cause allergenic and toxic effects
and may pose a health hazard to consumers. Among these chemicals are toxic heavy metals
that are often used in various textile processes, such as dyeing, finishing, and printing [4].
Given the direct interaction of textiles with human skin, textile products have received
increasing attention for toxicological and ecotoxicological traits. The assessment of metal
content in various textile materials is critical not only for the safety of personnel exposed

during the manufacturing process but also for the safety of customers.

Furthermore, some of the distinctive colors characteristics required in the textile industry,
such as turquoise, bright green, violet, and blue prohibit the cancellation of the use of metals
and complex dyes. Based on that, the content of heavy metals in textiles must be regulated
through national or international standards, so that these standards are included in all

voluntary environmental labels [5].

Oeko — Tex Standard 100 [6] is one of the most important and well-known international
textile testing and certification system, which limits the use of certain chemicals. This
certification system was adopted in this thesis. Lead, copper, nickel, and cobalt were the
heavy metals studied in this work which have an effective presence in the textile and dyeing

industry.

Lead is a heavy metal that is present in trace levels in the earth's crust. However, human
activities such as burning fossil fuels, mining, and other manufacturing processes are
currently the most significant sources of lead in our environment. Lead is a hazardous
element that may linger and continue to be harmful for a long time, affecting nearly every
organ and system in the human body [7]. The nervous system is the primary target of lead
poisoning. It also causes weakness in the fingers, wrists, and ankles, as well as a rise in blood
pressure. Furthermore, prolonged exposure to high levels of lead can harm the kidneys and
the brain [8].

Copper is found frequently in rocks, soil, water, and air, and enters the environment from
other sources represented by human activities such as fossil fuel combustion, wood
production, mining, production of phosphate fertilizers, and other industries, as well as

natural occurrences like volcanoes and forest fires [9]. Copper is an essential metal for all



living organisms, as it is involved in many biochemical reactions, formation of red blood
cells, and bones, in addition to its critical role in the lipid metabolism processes. Despite its
importance, exposure to high levels of copper leads to nausea, vomiting, diarrhoea,
gastrointestinal bleeding, high blood pressure, and dermatitis [10]. Therefore, the
determination of this trace metal is important because of its many benefits and serious effects

on the ecosystem and human health.

Nickel is an essential transition element, with beneficial effects on mammals and plants in
small doses as it acts as an enzyme cofactor in human physiology [11]. The mining, fuel,
sewage industries, and coal combustion are the main sources of nickel entering the
environment. Nickel is used in many industrial and commercial applications such as
jewellery, cosmetics, textile dyes, printing, electronics, and batteries. Thus, humans are
exposed to nickel for long periods, as nickel accumulates mainly in the skin, hair, organs
adjacent to the bones, bones, and heart muscle in the human body [12]. Exposure to high
levels of nickel leads to some health problems such as dermatitis, kidney and heart diseases,
and some nickel compounds may cause cancer [13]. As a result, determining trace amounts

of nickel is critical to decreasing the risk of harmful consequences from nickel exposure.

Cobalt is one of the basic and necessary elements for humans and many living organisms,
but on condition that it be in trace levels. Cobalt plays an important role in most of the vital
processes in the human body because it is an essential part of vitamin B12, so it contributes
to the production of blood cells and the formation of hormones, neurotransmitters, and other
compounds. Cobalt deficiency leads to some diseases such as digestive disorders and
anaemia, in addition to neurological and muscular problems [14]. Cobalt is used in different
industries for various purposes such as metal alloys, glass, dyes, and other industries through
which humans are more exposed to high quantities of cobalt. Thus, a person is exposed to
some diseases such as asthma, heart disease, vasodilation, and dermatitis [15]. For these

reasons, it is necessary to detect cobalt levels in environmental and industrial samples.

The precise and accurate determination of toxic species in samples from the environment is
difficult and a major challenge for analytical chemists due to their trace levels. The
determination of trace heavy metals carries off by several analytical techniques which are
commonly used such as inductively coupled plasma-optical emission spectrometry (ICP-

OES), graphite furnace atomic absorption spectrometry (GFAAS), and flame atomic



absorption spectrometry (FAAS). In many laboratories, FAAS is one of the comparatively
basic analytical equipment that is readily available and provides precise and accurate
findings, however, a sensitive and reproducible enrichment method must be developed to
identify and quantify trace levels of toxic heavy metals due to low analyte concentrations,

matrix effects, and insufficient instrument sensitivity [16].

There are several separation/ preconcentration procedures used for this purpose the most
important of which are solid-phase microextraction (SPME) [17] and liquid-phase
microextraction (LPME) [18], which were developed to overcome the limitations that are
characteristic of traditional methods like long duration, low efficiency, high use of toxic
organic solvents known to be toxic for all living things and the environment, and problems

of waste disposal [19].

To achieve these goals, dispersive liquid-liquid microextraction (DLLME) was used [20].
DLLME method is one of the LPME methods which has attracted a lot of attention and is
still quite a common preconcentration technique with its easy application and being open to
modification. Although chlorine-containing extraction solvents in conventional DLLME
[21,22] may supply high recoveries, they are flammable, poisonous, and unstable (volatile)
[23].

In the last few years, deep eutectic solvents (DES) have gained attention in the DLLME,
especially because of their modifiable properties [24] and as alternatives to traditional toxic
extractant solvents. DESs are typically synthesized from two compounds which are
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD). HBA may be an
ammonium halide as choline chloride and HBD as urea, oxalic acid, phenol or sugar, etc,
that interact with each other via hydrogen bonds in a special molar ratio, thus forming a
eutectic mixture and the most important feature of the eutectic mixture is that it has a much
lower melting point than its constituent components [25]. DESs have many distinctive
properties that make them desirable extraction solvents such as high thermal stability, high
conductivity, low vapor pressure, low toxicity, and high biodegradability. Moreover, their
composition is less complicated, inexpensive, and does not require organic solvents, which

reduces its environmental impact [26].



The usage of high volumes of water-miscible dispersive solvents in classical DLLME such
as acetonitrile or methanol may lead to an increase in the solubility of analytes in the aqueous
solution, thus obtaining a low extraction efficiency. In addition, the large volumes of toxic
organic solvents used as dispersive solvents are environmentally unfriendly [27]. Very
recently, A new method called effervescence-assisted microextraction (dispersive solvent-
free) was developed in 2014 [28]. This method is based on the generation of CO; gas caused
by the effervescence reaction. Effervescence reaction resulting from mixing of two
components as a proton donor source and a carbon dioxide source in a certain molar ratio
and making it in a form of tablet or powder according to the terms of the procedure. Thanks
to the generated CO> bubbles, the extraction solvent is completely and efficiently dispersed

in its aqueous solution and the analyte species are transferred to the extraction phase. [29].

In this thesis, Pb (11), Cu (I1), Ni (I1), and Co (Il) were determined in various 100% cotton
textile samples using the DLLME method that supported by DES as an extraction solvent,
effervescence agent as emulsification strategy, and THF as an aprotic solvent. In this
proposed method several parameters that affect the extraction efficiency were optimized.
Among them are variables related to DESs like composition, the mole ratio, and volume; the
variables related to the effervescent agent like the ratio and type of CO2 source and H* donor,
effervescence time, effervescence amount, and adding style and formula. In addition, volume
of 8-Hydroxyquinoline as a chelating agent, the volume of THF, and various matrix effects
have been also optimized. The accuracy of the method was verified in three different ways:
using certified reference material (NCS ZC 73013, spinach leaves), spiking recovery tests,

and matrix effect study.



2. GENERAL INFORMATION

2.1. Trace Heavy Metals and Textiles

Metal is a term used to classify elements that have silvery cross-sections and are good
conductors of electricity and heat. Since ancient times, metals have been processed by
humans and have been used for centuries in the manufacture of jewellery, hunting tools, or
many materials used in daily life, without knowing the effects on the environment or
themselves. The increased use of metal with the industrial revolution caused an increase in
metal pollution, especially in industrial areas, and poisoning began to be seen due to metal
pollution [30].

The definition of a heavy metal refers to metals having density higher than 5.0 g cm™. More
precisely, it is the name given to metals with a density 5 times higher than the density of
water, which is accepted as 1.0 g cm™. More than 60 metals are included in this group, such
as lead (Pb), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), nickel (Ni),
and zinc (Zn). Although heavy metals are classified according to their density values, it is
not sufficient to determine their biological effects. The biological effect of heavy metal and
the severity of this effect depend on the concentration of that heavy metal in the biological
system, its chemical structure, its ability of oxidation-reduction and form complexes, and its
solubility value. in addition the way it is taken into the body, and the local pH value are other

important parameters [30].

Heavy metals are naturally found in the earth crust due to natural and anthropological
disasters such as weathering and volcanic eruptions [31,32], and they are in the form of
carbonates, silicates, oxides, and sulphur, or as stable or trapped compounds in silicates.
However, industrial activities are among the most important factors affecting the spread of
heavy metals in nature such as refineries, power plants, Industries specialized in petroleum
and its derivatives, plastics, textiles, and etc. [33,34]. Heavy metals naturally mix with water
resources by industrial wastes and acid rains, which dissolve the soil and therefore the heavy
metal it contains, and these metals contaminate all the water resources (seas, lakes, rivers,
etc.). Heavy metals reach humans and animals through the food chain inhalation of the air
as aerosols and dust or, by direct contact or absorption through the skin. In addition, the
mixing of industrial wastes with water resources causes heavy metals to reach people and

other living things.



Nowadays, due to the increase in human daily requirements, heavy metals have been widely
used in the environment through several fields such as agriculture, industry, medicine,
technology, etc. Accordingly, it raised concerns about its potential repercussions on health
and the environment. Some metals such as arsenic, cadmium, chromium, lead, and mercury
are the most important metals affecting public health, even at low levels, as they are toxic
substances with the potential to damage one or more organs in the human body. The degree
of toxicity of these metals depends on several factors such as the dose and method of

exposure, in addition to the age, sex, genetics, and dietary habits of the exposed person.

The dyes used in the textile industry are considered one of the main pollutants that have an
impact on the environment and humans because they contain toxic heavy metals as metal
complexes (reactive dyes) and carcinogenic amines, as well as pentachlorophenol and other
harmful chemicals. Heavy metals in textiles are often used as oxidizing agents, dye stripping
agents, fastness improvers, or used in finishing processes (odor-protective agents, flame
retardants, and antifungals), so they are considered as a source of contamination throughout
textile processing [35,36]. Therefore, heavy metals represent a potential danger to customers
and workers in the textile sector [37]. The toxic effects of heavy metals on human health are
innumerable when present in/on textile materials and have been subject to many scientific
studies, so some of the health risks caused by these metals have been briefly listed in Table
2.1.

Table 2.1. Metals from textiles cause health hazards on different biological systems [38].

Metals Nervous Cardiovascular  Gastroenteric Endocrine Immune Kidney Liver Lungs Blood Skin

System System

AI + +

As + + + + + + +
Cd + + + + +

Co + + + + + + +
Cr + + + + +
Cu + + +

Fe + + + +

Hg + + + +

Mn + + + +

Ni + +

Pb + + + + + + + +
TI + + + + +

Zn + +

In addition to tumours or cancers, which are one of the most prevalent diseases in our world,

one of its causes is the piling up of heavy metals in the body’s tissues and their association



with enzymes, which in turn disrupts the work of cells [39]. Therefore, it is necessary to use
certain standards for the use of these metals in textile materials, in addition to determining

the maximum permissible values.

The most common labels in the textile industry are the Eco - Label and Oeko - Tex Standard
100. The Eco - Label is a voluntary label that sets specific quality standards for textile
products [40] as well as sets limits on permissible levels of pesticides, heavy metals, and

other toxic substances. The Eco - Label limit values for textiles are given in Table 2.2.

Table 2.2. Limits for heavy metals suggested by Eco-Label standards for textiles (mg kg™).

Heavy metals Limit value
Arsenic (As) 0.010
Cadmium (Cd) 0.005
Chromium (Cr) 0.100
Cobalt (Co) 0.200
Copper (Cu) 3.000
Lead (Pb) 0.040
Mercury (Hg) 0.001
Nickel (Ni) 0.200
Zinc (Zn) 3.000

Oeko - Tex is one of the most popular and widely used labels in the textile industry and is
approved in scientific researches specializing in textile analysis. It is well designed to protect
consumers, as it is divided into several sections, which are products for general use or
decorative materials and products that contact the skin directly and indirectly, in addition to
a special section for children's products. Oeko - Tex Standard 100 forbids or restricts the use
of certain substances that are dangerous to human health [6]. Oeko - Tex limit values for
heavy metals were given in Table 2.3.

Table 2.3. Limit values of extractable heavy metals given by Oeko - Tex (mg kg™ textile).

With skin Without skin Decoration
Heavy metals Baby wear .
contact contact materials
Antimony (Sb) 30.0 30.0 30.0 -
Arsenic (As) 0.2 1.0 1.0 1.0
Lead (Pb) 0.2 1.0 1.0 1.0
Cadmium (Cd) 0.1 0.1 0.1 0.1
Chromium (Cr) 1.0 2.0 2.0 2.0
Cobalt (Co) 1.0 4.0 4.0 4.0
Copper (Cu) 25.0 50.0 50.0 50.0
Nickel (Ni) 1.0 4.0 4.0 4.0
Mercury (Hg) 0.02 0.02 0.02 0.02

-: No value given.



2.2. Chemical Properties, Health Effects and Environmental Effects of Some Heavy
Metals That Involve in The Textile Industry

2.2.1. Lead (Pb)

It is bluish-gray in color. Its frequency in the earth's crust is 12.5 g ton™. Lead is rarely found
in free form in nature but is found in the form of a combination with other chemicals such
as (PbS, PbCOs, PbSQOs). Lead is characterized by flexibility, softness, relatively poor
conduction of electricity, as well as good resistance to corrosion, and it also fades when

exposed to air [41] . In addition, there are some chemical properties listed in Table 2.4.

Table 2.4. The chemical and physical properties of lead.

Atomic Number 82

Atomic Mass 207.2 g.mol 1
Electronegativity According to Pauling 1.8

Density 11.34 g.cm3at 20°C

Melting Point 327°C

Boiling Point 1755°C

Vander Waals Radius 0.154 nm

lonic Radius 0.132 nm (+2); 0.084 nm (+4)
Isotopes 13

Electronic configuration [Xe] 4f** 5d'° 6s? 6p?

2.2.1.1. Health Effects

Lead is known as one of the most environmentally harmful metals in human activities. Lead
poisoning is also the first known case of metal-related poisoning in history due to its wide
applications since 5000 BC [30]. Although it is the most common type of occupational
exposure, there are also various cases of exposure due to its widespread prevalence in the
world. Lead can enter the human body by accumulating in drinking water at 20% and various
foods at 65%, or by inhaling it from the air at 15%. According to the World Health
Organization report, lead poisoning accounts for about 0.6% of the diseases that occur in the
world [42]. Lead does not perform a primary function when it enters the human body, but

harms organs and causes many undesirable effects as shown in Figure 2.1 [43] .



Figure 2.1. The negative effects on human health caused by exposure to lead.

The surest way to prevent its negative effects is to stop the use of lead. However, this
situation is difficult due to the use of lead in many areas without alternatives in the
developing industry. Therefore, serious precautions should be taken, especially in working
conditions [44].

e Necessary engineering measures should be taken to prevent the spread of lead dust and
fumes in the working environment,

e Adequate ventilation should be provided,

o Employees should wear special protective clothing and masks,

o Workbenches, shelves, walls, and floors should be washed frequently with water or
wiped with a wet cloth,

e Personal hygiene should be given importance,

e The amount of lead in the working environment should not be more than 1.5 mg in 10

m? of air.



2.2.1.2. Environmental Effects

As mentioned earlier, human activities are the biggest factor causing heavy metal pollution
in the environment in general. It is possible to believe that only gasoline and petroleum
derivatives containing lead are the sole cause of high concentrations in the environment, but
today industrial waste is the largest cause of lead accumulation in the environment. Lead is

used in several industrial fields, including [30,45]:

e Asaraw material in paint,

e Infood storage containers,

e In the battery industry,

e In pesticides,

e In the fertilizer industry,

e In water pipes,

e Dyes and other main substances in cosmetics,
e Inrecovering gold in jewellery,

e In the ammunition industry,

e Radiation insulation and cable insulation,

e Inchildren's toys,

¢ In the manufacture of ceramics and porcelain,

e In the rubber industry

And because the residues of these industries contain lead, it leads to its accumulation in the
bodies of all living organisms (human, aquatic and soil organisms). For aquatic organisms,
they will suffer from health effects due to lead poisoning, even if it is in low concentrations.
When lead interferes with the biological activities of phytoplankton, it can impair their action
and thus reduce the source of oxygen generation in the seas. Phytoplankton is the main
source of oxygen and a food source for many marine organisms. As well as concerning soil,
where soil organisms can suffer from lead poisoning as well, especially in areas near
highways due to the combustion of vehicle fuels, as well as soils of agricultural land due to
the heavy use of industrial fertilizers and pesticides. Lead is a particularly hazardous

chemical since it may build up in individual organisms as well as entire food systems [46].
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2.2.2. Copper (Cu)

It is located in the eleventh group of the periodic table conjointly with silver and gold. It has
a nice reddish colour with a face-centred cubic crystal structure. Copper is the second most
widely used element since the beginning of the industry to the present day, and its use is
increasing day by day with the development of the industry. The fact that copper is spread
over a wide geographical area on Earth also increases the demand for copper. Although
copper is an easily available element, its bioavailability is low. At this point, copper is at the
fore in mining exploration programs. It is ranged between 0.005% and 0.015% on the earth
and 0.01% on the structure of the earth. At 99.95%, it is the second-best conductor of
electricity after silver. Table 2.5 shows some fundamental features of copper [47].

Table 2.5. The chemical and physical properties of copper.

Atomic Number 29

Atomic Mass 63.546 g.mol !
Electronegativity According to Pauling 1.9

Density 8.9 g.cm?at 20°C

Melting Point 1083 °C

Boiling Point 2595 °C

Vander Waals Radius 0.128 nm

lonic Radius 0.096 nm (+1); 0.69 nm (+3)
Isotopes 6

Electronic configuration [Ar] 3d%° 4s!

It is known that humans used copper to produce various materials about 10,000 years ago.
The fact that copper can be found easily and with high purity on earth, and is a strong and
corrosion-resistant conductor makes it attractive for use in many industrial fields. The main

areas of use are [47];

e Electro-electronic industry
e Coins and guns

e Transportation industry

e Chemicals

o Jewellery

e Paint industry

e Construction industry

12



2.2.2.1. Health Effects

The effects of copper on the living body have been known for many years. Trace amounts
of copper are known as an essential nutrient required for functions of the human body such
as carbohydrate metabolism, haemoglobin formation, drug metabolism, catecholamine
biosynthesis, and antioxidant defence mechanism [48]. The daily requirement of copper for
humans is 2.5 mg. This element may be found in a variety of foods, as well as drinking water
and the air. As a result, we absorb enormous amounts of copper every day through food,
drink, and breathing. Despite the important role of copper in metabolic functions, when it
exceeds an adequate concentration, it causes functional problems in the tissue, organ, or
system in which it is involved. According to the report prepared by the World Health
Organization, the lethal dose for an adult human being has been determined as 4.0 to 400
mg of copper (I1) per body weight [49].

Human exposure to copper through breathing is almost negligible because the air contains
low concentrations of it, while people who live near copper ore processing plants or who
work in them are more exposed to this type of exposure. In addition, people who live in
houses with old water pipe systems may be exposed to high levels of copper through their

drinking water by eroding the pipes.

Excess amount exposure of copper leads to its accumulation in various parts of the body
such as the brain, liver, and eyes. As a result, the genetic disease known as Wilson's disease
appears. With the development of the disease, serious problems with the liver, hepatitis B
virus, and diseases such as cirrhosis of the liver were observed. Copper accumulated in the
brain directly affects the central nervous system, exerts a mutagenic effect, and causes
Alzheimer's disease and Parkinson's disease. Cases of acute copper poisoning are rare but
show symptoms such as increased salivation, stomach pain, nausea, and diarrhoea due to
irritation of the gastrointestinal mucosa. The copper concentration determined as the lethal
dose in acute poisoning is 100 mg kg™. Up to 600 mg kg™ can be treated, but in larger
amounts, coma and death occur. Occupational exposure is common. The presence of copper

in the workplace leads to an influenza-like illness called metallic fever [50].
2.2.2.2. Environmental Effects

As was mentioned, copper is included in a wide range of different industries, so industrial

waste is considered one of the main sources of copper in the environment. Copper can travel

13



long distances through running water after its casting. But when it enters the soil, it binds to
other materials and remains fixed in its place, meaning that it does not move far after its

release, and even rarely moves to groundwater.

The lack of plant diversity is observed in the lands near factories whose waste contains
copper because copper does not decompose in the environment, as it accumulates in plants
when it is found in the soil rich in it. Therefore, copper is considered a serious threat to the
production of agricultural lands. Additionally, when the soil of farmland is contaminated

with copper, animals and livestock absorb levels that may be harmful to their health. [51].

On the other hand, copper is toxic to small creatures as it is used against insects and
agricultural slugs as a fungicide, antibacterial agent, pesticide, and biocide. Despite this,

copper-containing pesticides and fertilizers are still used [9].

2.2.3. Nickel (Ni)

It is a metal with a shiny silvery-white color, and belongs to the transition metals group,
meaning that it has valence electrons in two orbits instead of one, which enables it to form
different oxidation states. It is one of the four elements that are considered to have a high
magnetic permeability (it magnetizes easily) at room temperature and normal pressures.
Nickel is hard and ductile, and it is an acceptable conductor of electricity and heat [52]. Table
2.6 shows the chemical and physical properties of nickel.

Table 2.6. The chemical and physical properties of nickel.

Atomic Number 28

Atomic Mass 58.71 g.mol 1
Electronegativity According to Pauling 1.8

Density 8.9g.cm3at20°C

Melting Point 1453 °C

Boiling Point 2913°C

Vander Waals Radius 0.124 nm

lonic Radius 0.069 nm (+2); 0.06 nm (+3)
Isotopes 10

Electronic configuration [Ar] 3d® 4s?

It is naturally present in the Earth's crust at a level of about 0.0075%, and is an element of
moderate toxicity compared to other transition metals. Although the metal nickel is rarely
found in nature, it is often found with sulphur and iron in the form of complex compounds.

Most nickel compounds are blue or green. It is usually found in two main locations: red
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sandstone rocks formed as a result of intense erosion of the surface of nickel-rich rocks, and
the second location is molten sulphate deposits. Nickel is resistant to external influences due
to its magnetic properties. For this reason, it is used in the electrolytic coating of goods, to
obtain alloys with high corrosion resistance even at high temperatures, in the production of
steel and special coins. It is also used as a catalyst in hydrogenation reactions in batteries,

accumulators, paints, glass and ceramics to give glass a green color [52].

2.2.3.1. Health Effects

Nickel is generally found in industrial wastewater where it is used. Although the effect of
nickel on humans has not been fully determined, it has negative effects on human life. It is
transmitted to humans by inhaling air, drinking water, eating food, or smoking cigarettes.
Absorption of very large amounts of nickel has some undesirable health effects as shown in
Figure 2.2 [53].

Figure 2.2. The negative effects on human health caused by exposure to nickel.

The International Agency for Research on Cancer has designated all nickel compounds, with
the exception of the metallic nickel, in the category of carcinogens. People working in jobs
such as nickel plating, nickel electroplating, and welding are exposed to the most serious
health problems. Workers who inhale small amounts of nickel dust are at increased risk for
lung cancer, fibrosis, and other diseases [54].



2.2.3.2. Environmental Effects

Nickel is a pollutant that can be released into the atmosphere as a heavy metal, widely used
in everyday equipment and many areas as industrial activities progress. Therefore, it has
caused a great deal of environmental pollution through direct pollution of air, soil, and bodies
of water by power plants, garbage incinerators, and other sources, where it settles on the
ground or falls after reactions with raindrops. The bulk of all nickel compounds released into
the environment are absorbed into sediments or soil particles and become immobile as a

result.

Given the ever-increasing consumption, pollution with heavy metals affects not only
agricultural products, but also the quality of the atmosphere in the food cycle, environmental

pollution from nickel-containing products, and thus human and animal health.

While the main source of nickel in drinking water originates from metal pipes and fittings in
contact with drinking water, the concentrations of nickel in groundwater vary with soil type
and pH. In areas where industrial activities are intense, it has been determined that there are
higher concentrations of nickel in drinking water. On the other hand, high nickel
concentrations in sandy soils may cause obvious damage to plants, and algae growth rates

may be reduced in surface waters containing high levels of nickel [55].

2.2.4. Cobalt (Co)

It is a member of the ninth group of the periodic table. It is a hard, brittle, bright, and bluish
substance. It is a ferromagnetic metal, similar to iron and nickel in their physical properties.
Cobalt ranks 33rd among all the elements on Earth. While the cobalt on Earth is about 20
mg kgt. It is obtained as a by-product from ores of copper, nickel, silver, gold, lead, and
zinc. Cobalt exists in different valence states (0, 2%, and 3*). Cobalt is a powerful oxidizing
agent and because cobalt salts are highly soluble in water, it is attacked by air oxygen and
water vapor, where it oxidizes to cobalt (II). It is a non-fusible metal, chemically reactive.
Although dilute acids can destroy it slowly, Cobalt is stable in air and unaffected by water

[56]. Table 2.7 shows some of the chemical and physical properties of this element.
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Table 2.7. The chemical and physical properties of cobalt.

Atomic Number 27

Atomic Mass 58.9332 g.mol !
Electronegativity According to Pauling 1.8

Density 8.9g.cm3at 20°C

Melting Point 1495 °C

Boiling Point 2927°C

Vander Waals Radius 0.125 nm

lonic Radius 0.078 nm (+2); 0.063 nm (+3)
Isotopes 8

Electronic Configuration [Ar] 3d’ 4s?

Cobalt minerals are found in concentrations high enough to support economic extraction in
a variety of environments, each showing very different patterns of mineralization. The most
common metallic groups are sulphides, sulphides, arsenic, and oxides. There are many uses

for cobalt in people’s lives; Among the most important are the following [57]:

e It used to make powerful magnets,

e Because of the resistance of its alloy to high temperatures, it is used in the production of
jet turbines and gas turbine generators,

e Itis used to make dye pigments,

e Because of its corrosion resistance, it is used in electroplating

e Itisused in paint, porcelain, glass, pottery, and enamel,

e Cobalt 60 is used to treat cancer,

e It is also used to preserve some types of food, and is also used to sterilize medical and

food supplies.

2.2.4.1. Health Effects of Cobalt
Cobalt is considered one of the beneficial elements for the health of the human body, its
deficiency causes anaemia, fatigue, indigestion, and muscle problems. These symptoms can

be eliminated by taking enough vitamin B12 (cyanocobalamin) [58].

Due to the widespread of cobalt through its wide applications in the environment (natural
and industrial), humans may be exposed to high levels of cobalt that exceed the specified
limits by inhaling air, drinking water, and eating foods containing cobalt. Occupational
exposure is considered one of the most dangerous types of cobalt exposure because it lasts

for a long period of time, which causes major health problems.
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When exposed to cobalt for occupational reasons, the respiratory system is primarily
affected. In addition, exposure through the skin is also important and can cause contact
dermatitis. Figure 2.3 illustrates the health effects of absorbing high concentrations of cobalt

for a long period of time.

Figure 2.3. The negative effects on human health caused by exposure to cobalt.

Pulmonary fibrosis is one of the most important diseases closely related to chronic exposure
to inhalation of cobalt dust and leads to death as it is known as solid metal disease. In
addition, there are also other symptoms such as weight loss, dermatitis, and hypersensitivity

in the respiratory tract that occur due to overexposure to cobalt and its compounds [59].

2.2.4.2. Environmental Effects of Cobalt

It is also known that environmental pollution depends mainly on human activities
represented in the industrial field to a large extent. Cobalt is the same as the rest of the heavy
metals that are present in the residues of these industries, such as mining, sewage waste, coal
combustion, and ores processing, in addition to the production and use of chemical

compounds that contain cobalt.

The concentration of cobalt is high in places near and adjacent to industrial areas. Where
water, air, and soil are polluted, and thus the danger of pollution is transmitted to humans,

plants, and animals, directly or indirectly [60].
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2.3. Preconcentration Methods
The preconcentration process (enrichment) is a set of methods, generally, separation-based
methods that are applied when the analyte in the sample is at levels too low to be determined

by analytical methods. The preconcentration process contributes to:

e Removal of the main components by keeping the trace components in the solution,

e The trace components are removed from the solution and the main components left in
the solution,

e Separation of trace components from other trace components.

e The preconcentration aimed to ensure that the analyte contained in the sample reaches
detectable levels [61]. Preconcentration processes are often used in the determination of
trace elements due to their advantages and can be listed as follows:

e By increasing the trace element concentration in the medium, the detection limit of the
applied method is reduced and the sensitivity of the method is increased.

e By removing the trace element from the matrix, interference from the environment is
prevented.

The incorporation of a trace element into a known matrix leads to facilitates the simulation

of matrices in real sample analysis.

There are numerous preconcentration methods, some of which are selective for only one or
a few elements or compounds, while others have a wide range of applications. These
methods are consisting of ion exchange, co-precipitation, evaporation, adsorption,

electrodeposition, extraction methods.

2.3.1. lon Exchange

It is based on the principle that the electrons of the solid material (a resin) are replaced by
an equivalent number of other ions present in the surrounding solution according to the law
of preservation of mass (physicochemical process). There are two types of solid materials
through which ion exchange is achieved, which are natural and artificial. Factors including
reusability, ion exchanger selectivity, and the functional group types associated with the ion
exchanger should be considered while using this method. The method is frequently used in
water purification, wastewater treatment, energy conversion and storage, redox reactions,

and various electrochemical methods [62].
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2.3.2. Co-Precipitation

It is the separation process based on the solubility differences of the compounds in the
aqueous solution. Precipitation takes place in the form of entrapment, mixed crystal
formation, or adsorption considering the physical and chemical properties of the trace
element to be analyzed and precipitator together. It should be noted that the percent purity
obtained from this process will not be very high, but is sufficient for most analyses. The
most important point to be considered when choosing a precipitator is that the precipitator
is not similar to the target analyte in terms of chemical properties. Otherwise, mixed crystal

formations may precipitate.

While applying the co-precipitation method, some negativities may be encountered. These

are;

e the method is very time-consuming because many processing steps are required so, the
element is lost during operations to considerable amounts,
e the use of many reagents leads to the occurrence of contamination,

e some chemical interference occurs if the precipitate does not dissolve [63].

2.3.3. Volatilization
The principle of this separation process is based on removing the more volatile main
component or trace element from the medium by evaporation. Water, an organic solvent,

and volatile acid, or an ammonia solution are the major ingredients.

In order for the method to be applicable, the volatility difference between the components
should be quite large. Although the most important advantage of the method is that there is
no need for high volumes of reagents for the enrichment process, the application area is very
limited due to the high probability of analyte loss. However, in some cases, the process can

be carried out by taking measures to reduce the volatility of the trace element.

2.3.4. Electrodeposition
The use of this method is appropriate in the analysis of samples with very low concentrations.
When using this procedure, the electrode is selected primarily based on the element to be

enriched, this electrode is immersed in the solution to be analyzed and it has waited for a
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while until the elements are collected on this electrode. Thus, the enrichment process is

performed.

2.3.5. Adsorption

Separation process that is based on the bonding of molecules or ions from a gas, liquid, or
any solution with a solid surface depending on the contact forces of the molecules or ions on
this surface. In other words; It is the increase in the concentration of one substance in another
at the interaction between two phases. It occurs in three different ways: physical, chemical
and change. It has an important role, especially in liquid-liquid interactions in biological
organisms. Therefore, it is often preferred for the determination of bio-organic substances
[64].

2.3.6. Extraction Methods

Extraction is a separation and purification process, which is the separation of one analyte or
more from the dense matrix (solid, liquid, or gas) in the same sample. Employing extraction,
the determination of the analyte can be performed away from the interference effects of other
components in the sample. Extraction methods; It is divided into two conventional main

groups as solid-phase extraction (SPE) and liquid-liquid extraction (LLE) [65].

e SPE: SPE is carried out with sorbents composed of silica or organic resins that have
convenient physical and chemical characteristics. The parent material's nature, as well
as additional functional groups, is influenced the way solids are used. In any case, solid
materials are three-dimensional materials produced under conditions designed to provide
a very porous yet rigid material with a high surface area. The working principle of this
method is based on passing the liquid sample through the solid materials which are in
the form of columns or discs. After the entire sample is kept on the solid phase, the
analytes are recovered by elution solution with a suitable solvent where separation is
done. This method is very easy and simple to implement. It also has great advantages
such as very low final volume and very high enrichment. For these reasons, its use is
widespread.

e LLE: The basis of the method is the separation of elements or compounds in two
immiscible liquid phases according to their relevance to these two phases, depending on
their solubility differences. In general, its phases consist of water and an organic solvent

immiscible with water. It is a frequently preferred method not only for separation but
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also for the purification of many organic substances. Due to its very simple use, it has
widespread use, especially in metal determinations. With the help of a complexing agent,
the ions in the aqueous phase are converted to less soluble species in water, and their
transfer to the organic phase is ensured. As a result of this; The separation process and

the enrichment process are carried out simultaneously.

2.4. Microextraction Techniques

The sample preparation stage is of great importance, especially for quantitative
determinations. The primary purpose here is to eliminate the interference effect as much as
possible and to increase the signal of the sample by increasing the concentration of the target
analyte. LLE and SPE methods are the most common traditional preconcentration processes
and the most preferred. However, conventional preconcentration methods involve
expensive, lengthy, and laborious procedures that requiring huge amount of toxic organic
solvents. Miniaturized extraction techniques used in recent years have been a way out to
reduce/eliminate the handicaps mentioned. The developed methods are semi or fully
automated procedures that are faster, require fewer volumes from samples and extractants
compared to conventional methods. Microextraction methods consist of two main groups as
liquid and solid phase [66,67].

2.4.1. Solid-Phase Microextraction

SPME, the most popular way of sample preparation, was developed by Pawliszyn as a
solvent-free method (1990) [67]. This method provides simultaneous extraction and
enrichment of analytes from aqueous samples. SPME in chemical analysis is widely used
by working on a broad spectrum of samples that are present in different physical
environments, characterized by a complex matrix composition, for example environmental,
biological, and food samples. Despite the advantages of this method such as simple
application and the absence of organic solvents, most commercial adsorbents used in SPME
are relatively expensive and fragile, and their lifetimes are limited. Also, it has poor

reproducibility and sample transfer is a possible shortcoming.

SPME is a valuable advance in sample preparation and has several advantages over
conventional technigques. One of its most important features is: It does not require organic
solvents, which are often expensive and harmful to health and the environment. The

technique is simple and fast, the entire extraction and analyte transfer process usually takes
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only a few minutes and is easily automated, portable. The shortcomings have led to the

development of liquid-phase microextraction (LPME) [68].

2.4.2. Liquid-Phase Microextraction

The basis of LPME is the transfer of analytes in the aqueous sample into a water-immiscible
solvent with a volume as small as a few microliters. LPME methods are basically
miniaturization of LLE by using a few microliters of solvent to separate the analytes from
the complex matrix medium, resulting in a reduction of the potentially toxic exposure of the
analyst. Because of the minimal consumption of organic solvents and the high enrichment
factor (EF), LPME may be regarded as a more popular approach than SPME. in addition to
being easy to implement and use, generally fast, and characterized by its availability and
reliance on affordable devices or materials. It is also versatile and has high automation
potential [69].

Many LPME methods have been developed which are illustrated in Figure 2.4. These
methods overcome many of the disadvantages of traditional methods, which are both fast
and inexpensive. On the other hand, new modalities are continually being developed in
addition to the main methods. Figure 2.5 depicts the main temporal stages in the

development of LPME approaches.

Dispersive Liquid-Liquid
— Microextraction (DLLME)

Figure 2.4. A schematic presentation of the existing LPME methods.
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« First drop-based system

« Solvent microextraction into a single drop

« Single drop microextraction
* Microsyring as a holder
» Dynamic LPME

*LLLME

« Use of fiber in LPME (HF-LPME)

» Headspace (HS-SDME)

« IL base as the extracting agent

« solvent-bar microextraction (SBME)
« Deep eutectic solvent (DES)

« Water used as the solvent in LPME

« Ultrasound as a factor supporting LPME
« DSDME
« Dispersive liquid—liquid microextraction (DLLME)

» Microwave radiation as a factor supporting LPME
 Automation of SDME
« Liquid-phase microextraction method based on solidification of floating organic drop (SFODME)

) —J —J J J _J J J _J_J J

« Combining LPME with FAAS

« Using IL in LPME and dispersion of analytes by thermal desorption device ]
* DLLME-SFOD

« Solvent-terminated DLLME (ST-DLLME)

« Supramolecular solvents

« Sensitive analytical technique for arsenic compounds based on SDME coupled in-line with CE was developed. ]
« Effervescence assisted dispersive liquid-liquid microextraction (EA-DLLME)

» Magnetic ionic liquid-based dispersive liquid-liquid microextraction (MILs)

« Dispersive liquid-liquid mcroextraction based on deep eutectic solvent (DES-DLLME)

« Switchable-hydrophilicity solvent liquid-liquid microextraction (SHS-LLME)

« First study on UA-DLLME for the analysis of human whole blood

» Magnetic deep eutectic solvents for ultrasound-assisted liquid-liquid microextraction (UALLME-MDES)

» Magnetic ionic liquid-based stir bar dispersive liquid microextraction (SBDLME)

« Effervescence-assisted switchable fatty acid-based microextraction with solidification of floating organic droplet

« Deep eutectic solvents as a new kind of dispersive solvent for dispersive liquid-liquid microextraction

« CO2-controlled switchable hydrophilicity solvent and solidification of the aqueous solution (CSHS-SAP)

» Magnetic effervescent tablet-assisted ionic liquid-based dispersive liquid-liquid microextraction (META-IL-DLLME)

« In-syringe dispersive liquid-liquid microextraction using deep eutectic solvent as disperser
» Homogenous liquid-liquid extraction followed by dispersive liquid-liquid microextraction

Figure 2.5. Most relevant developments in LPME [70].
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2.4.2.1. Single Drop Microextraction (SDME)

The first development of this method in 1996, where uses a single immiscible drop of organic
solvent that can be suspended at the tip of a micro syringe needle immersed in the aqueous
solution by continuing to stir throughout the extraction process. After the extraction is
complete, the micro drop is withdrawn into the micro syringe and analyzed by injecting it
into analytical instruments such as capillary electrophoresis, GC or HPLC, ETAAS, ICP-
MS for direct analysis. This approach is regarded as the fundamental LPME technique
because it provides an appropriate strategy for preconcentration and matrix separation prior
to detection [71]. One of the most important reasons for the widespread of this technique is
that the system is non-complicated, cheap, and easy to implement, a very little solvent is
used, and derivatization can be performed. The disadvantages are, the small amount of
extraction solvent used does not have enough surface area to collect the analytes, the
extraction Kinetics is low, and therefore the extraction process is slow. It is not preferred in

devices that require large volumes of samples [72].

Various analytical applications have been developed by the researchers as depicted in Figure
2.6 to increase the steadiness of the micro drop, enlarge the method's applicability range,
supply better automation, and compatibility with additional analytical techniques. Figure 2.7

shows the schematic diagram for each mode of SDME.

-

Figure 2.6. Single drop microextraction classification.
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Figure 2.7. Different modes of SDME. (A) Direct immersion SDME, (B) Headspace SDME,
(C) Drop-to-drop microextraction, (D) Liquid-Liquid-Liquid microextraction,
(E) Continuous-flow microextraction and (F) Directly suspended droplet

microextraction [73].

2.4.2.2. Cloud Point Extraction (CPE)

It is a process generally used for the pre-concentration of an analyte solution (metal, organic,
or inorganic) from an aqueous phase sample and determined by using spectroscopic or UV-
Vis techniques. This method involves reacting an analyte present in an aqueous sample
solution with an organic ligand in a surfactant-containing medium to form hydrophobic
species. Surfactants replace the toxic organic solvents used in traditional extraction methods
as they are characterized by being low toxicity, low volatility, as well as non-flammable and
thus reduce the risks of the extraction process. Then the temperature of the solution is
increased to reach the cloud point temperature (CPT), where the solution becomes cloudy as
a result of the formation of micelles. Micelles are organized structures that contain the
analyte that is trapped by the surfactant. As a result of the different densities of micelles and
aqueous solutions, the solution separates into two phases, the first being the weaker phase
with the surfactant, and the second being the stronger phase with the surfactant (containing
the micelles). Finally, the extraction process is carried out similar to the steps of traditional

liquid extraction. The general method of cloud point extraction is presented schematically in
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Figure 2.8. As an enrichment method; The CPE method has several advantages over
conventional liquid (or solid-liquid) extraction techniques in terms of experimental
convenience, relatively low-cost, negligible environmental pollution, use of relatively low
concentrations of low-toxic surfactant instead of organic solvents, with a high enrichment

factor of analytes with very different structures and high recovery rates [74,75].
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Figure 2.8. schematic presentation of CPE [76].

2.4.2.3. Hollow Fiber Liquid Phase Microextraction (HF-LPME)

In 1999, Pedersen-Bjergaard and Rasmussen applied the HF-LPME method for the first time
in the methamphetamine study for solving the problem of the single drop instability. When
the used method is considered in general terms; Firstly, the porous hollow fiber
(polypropylene) is kept in a low polarity organic solution for a short time. This organic
solvent is trapped in the pores of the immersed hollow fiber structure and a thin film layer is
formed. The extraction solvent forms the acceptor phase in the fiber and is attached to the
tip of the injector. After this stage, the fiber filled with the acceptor phase is kept in the
aqueous solution for a short time and thus the analytes are extracted in the aqueous solution
by transiting to the acceptor phase in the fibers. The presence of the extraction solvent in the
hollow fiber increases its stability during extraction. The extraction solution is then removed

with a micro syringe and transferred to the final instrument for analysis [77].
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The disadvantages of the method are the long extraction process, and the negative effects of
air bubbles formed on the surface of the fibers on the extraction efficiency and
reproducibility. Fiber exposure to the sample can be done in three different forms that

illustrated in Figure 2.9.
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Figure 2.9. Different arrangement of HF-LPME: (A) U-shaped; (B) rod-like; and (C) solvent

bar microextraction [78].

2.4.2.4 Solidified Floating Organic Drop Microextraction (SFODME)

One of the objectives of this method is to use the lowest possible volume of the organic
solvent, as well as to eliminate the defects of some techniques such as SDME represented
by the difficulty of taking the micro-drop from the injector, and its easily separating off from
the injector tip by the force of gravity. Therefore, this method was developed based on the

ease of collecting the organic phase from the aqueous solution [79].

This method is summarized by adding a small volume of an organic extraction solvent that
has a melting point close to room temperature and is also immiscible with water, to the
solution containing the analyte to be determined. By applying continuous stirring to ensure
that the analyte is transferred to the extraction solvent as much as possible, the organic phase
separates and floats in drop form on the surface of the solution. Then the entire solution is

immersed in an ice bath to freeze the organic phase, which is removed with the help of a
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spatula and sending it to the system where the analyte will be determined at room

temperature.

Although the method can be used in the determination of metal complexes, it is not preferred
much because of the need for preliminary cleaning and limitations in solvent selection [80].

The application of the method is shown schematically in Figure 2.10.
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Figure 2.10. SFODME procedure.

2.4.2.5. Dispersive Liquid-Liquid Microextraction (DLLME)

Compared with the old classical methods, the DLLME method is a method that allows it to
be used at miniature levels, where the consumption of the extraction solvent is much lower
and the enrichment factor obtained is higher. The amazing aspect of this method is that it is
very fast, low cost, and easy to apply [81,82] . Because of these advantages, it is a modern
extraction method used by researchers in many fields such as pharmacology, toxicology,

engineering, agriculture, and modern analytical chemistry [83].

The conventional method conception is based on three constituents solvent system that
includes a disperse solvent, an extraction solvent, and an aqueous phase sample containing
the analyte. The deciding factor of this method is the selection of a suitable dispersion solvent
as it must be miscible with both water and the extraction solvent. In addition, the extraction
solvent must be immiscible with water. A mixture of the dispersion solvent and the
extraction solvent is prepared and rapidly injected into the agueous sample. By means of the
dispersion solvent, a cloudy solution is formed in which the extractant is broken down into

small droplets allowing to obtain a high surface area (the equilibrium state is achieved
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quickly), and therefore a high reaction with the sample and high extraction efficiency [20]
[84] . As mentioned above, the extraction solvent is not miscible with water, therefore, after
the formation of a cloudy solution, it can be separated with the help of a centrifuge then, it

can be analysed using a suitable instrument. Figure 2.11 show the described procedure as a

scheme.
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Figure 2.11. General procedure of classical-DLLME.

2.5. Advancement in The DLLME Method

Although quick and simple analyses can be performed with DLLME, better
environmentally-friendly behavior can be achieved by adding an extractant solvent with
different properties as an alternative to the chlorinated solvents adopted in this method.
However, a relatively large volume of disperser is required, which not only affects the
consumption of organic solvents but also reduces the extraction efficiency to some extent by
lowering the partition coefficient to the extraction solvent. Therefore, to solve the
aforementioned technological limitations and offer efficient, simpler, and more ecologically
friendly alternatives, several improvements to the traditional DLLME have been proposed.

Figure 2.12 gives a summary of recent advances.

30



Effervescence-
Assisted

Figure 2.12. Recent advances in DLLME.

2.5.1. Extractant Solvents

According to the principles of green chemistry, new strains of solvents with different
physical and chemical properties have been used instead of the classical solvents
(chlorinated) that were using for liquid-phase extraction. The lonic liquids (IL),
supramolecular solvents (SUPRAS), and switchable solvents (SSs) are the most common of
these solvents. One of the most important features of these solvents is that they are non-toxic
and thus do not cause any harm to the environment and do not generate waste. Although
used in small amounts (at microliter levels), they can achieve impressive quantitative results.
In addition, they have a good ability to extract the analyte without needing a long time for

application.

2.5.1.1. lonic Liquids (IL)

In traditional extraction methods; Many extraction methods have been developed within the
scope of green chemistry to minimize the consumption of high rates of toxic organic solvents
that produce secondary wastes during the extraction. In this context, the use of highly toxic
solvents is avoided or at least minimized. This offers the development of new solvents and
different application areas in terms of environmental and economic aspects. One of these



solvents is the IL. IL consists of a group of organic ionic salts present in a liquid state at a
low temperature (room temperature or less) [85] . The advantages of these solvents that

distinguish them from traditional organic solvents are [86] :

e Its high thermal stability,

e Its vapor pressure is immeasurably low,

e lts viscosity is immiscible with both aqueous and organic solvents,

e Its flammability is almost non-existent,

e Its high ionic conductivity.

Because of these properties they have been widely examined as solvents and have been
increasingly used in extraction studies [87] . Deep eutectic solvents are a relatively new class
of ionic liquids analogs that have many similar characteristics that will be discussed in

section 2.6.

2.5.1.2. Supramolecular Solvents (SUPRAS)

They are among the new generation environmentally friendly solvents, emerging as a
substitutional to conventional extraction studies in terms of organic solvents. These solvent
systems are water-immiscible solvents in a continuous phase of dispersion, consisting of
colloidal solutions of surfactants with effects such as electrolyte effect, temperature effect,
and acidity effect (pH). Supramolecular solvents are molecular and nano-sized and consist
of polar and nonpolar parts. Different polarity parts of these solvents can interact with
analytes, and the interactions can be controlled by altering the polarity of the amphiphilic

groups [88] .

The adding of SUPRAs to the medium in extraction experiments leads to an increase the
efficiency even it is in very small volumes. It is seen that the extraction studies with SUPRAS
are similar to the cloud point extraction studies in terms of the solvents used. SUPRAs are
obtained by combining long-chain molecules such as hydroxyl or carboxylic acid with
species such as tetrabutyl ammonium and tetrahydrofuran. Supramolecular solvents are
formed by three separate mechanisms: aqueous micelle formation, reverse micelle

formation, and vesicle formation.

Extraction studies with SUPRAs have advantages such as higher surface area and higher

recovery efficiency, thanks to the formation of nano-sized micelles when compared to cloud
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point extraction. Once more, this microextraction method stands out with its features such
as minimizing the amount of organic solvent used and the most important advantage of the
method is the preparation of supramolecular solvents at room temperature using cheap and

harmless chemicals [89].

2.5.1.3. Switchable Solvents (SSs)

Switchable solvents, also called as "smart™ solvents. The solvents used in the replaceable
extraction strategy offer extractions that are economical, non-toxic, safe, and compatible
with most detection systems. Therefore, SSs can be considered eco-friendly compounds. The
main advantage of using SSs is the ease of the analyte extraction into a homogeneous phase

without the need for a dispersant solvent.

SSs have attracted attention as new generation solvents because they can change their
physical properties reversibly. SSs are an intelligent solvent system that converts from a
water-miscible form to another form by adding or removing CO,. Amidines and tertiary
amines are a group of interchangeable solvents with specific behavior. Amidines and tertiary
amines have been identified as switchable solvents that can be exchanged between the two
forms by the addition of CO. and then returned to their non-ionic form by the addition of

nitrogen, inert gas, and/or sodium hydroxide [90].

CO- is used as a stimulating in the switching process due to its easy removal, low cost, and
low toxicity. Because of these properties of CO., it is an ideal stimulating for phase transition
used for protonating amines into water-soluble carbonate salts, and as a suitable stimulant
for the non-ionic conversion to ionic form. After the addition of CO2, a hydrophilic carbonate
or bicarbonate of the protonated amine is formed, which becomes miscible with water. This
protonated amine can be reconstituted by removing CO- with nitrogen, inert gas, or sodium

hydroxide. For this reason, they are called switchable solvents [91].

2.5.2. Demulsification Strategies

2.5.2.1. Phases Self-Separation
New strategies have been developed to be an alternative to the centrifugal step that is needed
to separate the organic phase from the aqueous phase. The centrifugal step is one of the main

weaknesses in DLLME, where it is a time-consuming step. Some of the alternative strategies

33



were to use a conventional plastic syringe used as an extraction unit [92] or by implementing
an automated online sequential injection system [93] and also to use a narrow-bore tube
containing the aqueous sample [94]. These strategies do not require a centrifugation
procedure. Furthermore, the extraction time was extremely short, and the sample throughput

was very high.

2.5.3. Emulsification Strategies

The quantity and type of dispersion solvent in DLLME have an important role in the
efficiency of extraction as it is responsible for the emergence of the cloudy state of the
solution. As the use of low volumes of these solvents is not sufficient for the generation of
the cloudy state, while large volumes reduce the division of the analyte to the extractant
phase. Therefore, researchers have developed mechanical or chemical assistant techniques

to limit the use of these solvents or use them in small volumes at the microliter level.

2.5.3.1. Surfactant-Assisted

Low volumes of surfactants were used to generate effective dispersion as they are
amphibious compounds that lower the surface tension between the organic and aqueous
phases, thus facilitating the process of dispersing the extract in the sample. In addition, it is
considered more benign from the environmental point of view compared to the traditional

dispersion solvents [95].

2.5.3.2. Ultrasound-Assisted

The UA technique is one of the applications that can be used as an aid to extraction in the
sample preparation step, which affects the sensitivity, accuracy, and speed of the analysis.
Ultrasonic energy is used in many analytical applications. The contribution of ultrasound
energy in the experimental is based on the emulsification process. This term means that one
of the two immiscible liquids is separated into micro-sized droplets by the effect of ultrasonic
energy and dispersed in the other in a homogeneous structure, creating the maximum surface
area for extraction. As a result, UA permits the disperser solvent to be removed, increasing
extraction efficiency. In other investigations, the dispersant is still used, albeit at lower
quantities than in traditional DLLME, to guarantee that the cloudy state is formed effectively
[96].
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2.5.3.3. Vortex-Assisted

It is the mechanical energy applied to the sample solution to achieve the aim of dispersion.
Because the dispersion in vortex mixing is unstable, the phases can be readily separated.
When employing the VA, the formation of free radicals that always appear in ultrasonic
energy was eliminated. In addition, this methodology is more cost-effective than UA baths
[97]. More recently, the vortex methodology has been combined with the ultrasonic
methodology in which the solution (analyte, extractant, disperser) is vortexed prior to the
application of the ultrasonic bath [98].

2.5.3.4. Air-Assisted

AA is a new version of the DLLME method that is applied with the absence of disperser
solvent or even supplementary devices such as vortex or ultrasonic, which simplifies the
procedure of the method. the basis of this methodology is to repeatedly suck a solution of
the sample and extraction solvent into a glass syringe and then inject it into the conical test
tube. By this procedure, the turbidity of the solution increased more and more. thence, the

mixture was centrifuged after a specific number of cycles were completed [99].

2.5.3.5. Effervescence-Assisted

The importance of green chemistry is gradually increasing in laboratories in order to be able
to perform accurate and sensitive analyses by reducing the consumption of organic solvents
including dispersion solvents during sample preparation before detection analysis.
Therefore, improving sample use using alternatives is a problem discussed by several
researchers. As is well known, the dispersion process is carried out using either an organic
solvent or by using additional energy (ultrasound and vortex). Based on this context,
effervescence-assisted (EA) methods appeared in 2014 in order to replace the dispersion
methods that require external energy [28,100]. The EA procedures are based on the simple
effervescent mixture reaction consisting of an effervescent agent (a source of carbon
dioxide) and a proton donor agent (a source of a proton). A large amount of fine carbon
dioxide bubbles are produced from the bottom of the tube, where the effervescent powder or
tablet is dissolved in the aqueous solution, thereby the extraction solvent is dispersed
homogeneously and effectively throughout the sample solution [101]. This method is
characterized by reducing the experimental procedure steps and shortening the extraction
time as it provides extraction and dispersal operations in one step [29]. This emulsification

strategy has been used for facilitating dispersion throughout the thesis.
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2.6. Deep Eutectic Solvents

Since the emergence of the definition of green chemistry in the nineties of the last century
until this time, it has been met with ideal importance by many chemists in order to develop
it further. Because one of the most important purposes of this strategy is to reduce the
generation and use of hazardous materials and reduce environmental pollution, it has
developed rapidly in all branches of chemistry in general. So initially the researchers focused
on developing green solvents [102].

Although ionic liquids (IL) are commonly used as a “green solvent” in extraction methods
due to their special chemical and physical properties, IL has drawbacks such as toxic effects
and biodegradation. In addition, further development and application of ILs have been
restricted due to their high cost and the necessity of their pure forms. In order to solve these
problems, a new group of solvents called deep eutectic solvents (DES) with similar physical
and chemical properties to ILs has emerged [103]. Nevertheless, it should be noted that these

two types of solvents have are different [104,105] as shown in Figure 2.13.

» Composed primarily » Wide liquid range » Formed with HBA
of an anion and a « Low volatility and HBD
cation « High tunable « interactions of its

* Interaction of ions « The ability to dissolve components through
through ionic bonds both organic and hydrogen bonds

» Expensive inorganic compound * Less expensive

 Hazardous * Less hazardous

« Difficult to synthesize  Simple to synthesize
on a large scale « More biodegradable

 Non biodegradable « Stable

Figure 2.13. Similarities and differences of ionic liquids and deep eutectic solvents.

In general, DES is a mixture system consisting of at least two substances, a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD). These substances have the ability to
form self-linking to form a eutectic phase. This phase is characterized by a lower melting
point (less than 100°C) compared to the main individual components [106]. As an example,
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the first-mentioned DES that was first introduced in 2004 is a mixture of choline chloride
(ChClI) as a HBA and urea (U) as a HBD. Although the melting point of ChCl is 302 °C and
the melting point of U is 133 °C, the melting point of the formed DES was 12 °C. This
feature is considered one of the most important features of DESs, which is that they are
melted at room temperature [106,107]. A schematic representation of the first DES

formation is given in Figure 2.14.
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Figure 2.14. Schematic representation of the formation of a DES, illustrated with ChClI and
U [106].

This binary combination of a eutectic mixture can be illustrated in a diagram as shown in
Figure 2.15. Because of the interactions that occur between the components of the mixture,
which is a large network of hydrogen bonds formed between them, a eutectic liquid obtained
with lower lattice energy, which is characterized by a large deviation from the ideal (melted

at room temperature) [108].

Figure 2.15's analysis also allows for a comparison of the different compositions and
temperatures for which a homogenous liquid phase is obtainable. That means the
compositions of eutectic mixtures and operating temperature ranges can be chosen to match
DES characteristics to the intended use, and this makes DES be as designed solvents with

confidence.
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Figure 2.15. Simple binary eutectic behavior [109].

2.6.1. Type of Deep Eutectic Solvents

Because there are so many salts and hydrogen bond donors that may be utilized to make
these compounds, there is no limit to the number of DESs that can be made with readily
accessible chemicals. Therefore, DESs have been classified into four basic types according

to the properties and behavior of these solvents as shown in Figure 2.16 [109,110].

» Metal halide and quaternary salt
* Ex. ZnCl, +ChCl

« Hydrated metal halide and quaternary salt
* Ex. CoCl,.6H,0+ChCl

« Quarternary salt and hydrogen bond donor
» Ex. ChCl+Urea
+ Ex. ChCl+Phenol

 Metal halide and hydrogen bond donor
* Ex. ZnCl,+Urea

Figure 2.16. Different types of DESs depending on HBDs and HBA:s.
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Hydrophilic DES is obtained according to the first and second types of DES. This type is
characterized by several disadvantages, the most important of which is its high solubility in
water [111]. On this basis, researchers focused intensely on the formation of DES with high
stability in the aquatic environment, as it is in the third and fourth types of classification
[112].

The most common HBA are tetraalkyl quaternary ammonium/phosphorous salts.
Furthermore, phenols, carboxylic acids, alcohols, and glycols are the most common HBD.
Some of them, however, may act as both donors and acceptors of hydrogen bonds [26]. The

most common structures of HBDs and HBAs are presented in Figure 2.17.
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Figure 2.17. Structures of typical HBAs and HBDs [26].

2.6.2. Preparation of DES
In terms of application and experimentation, the preparation procedure for DES is simple
(Figure 2.18), which depends on the melting point of its main components (HBA and HBD)

and it is carried out in one of the two ways at a certain molar ratio for each component:

1. The component with the lower melting point is melted at first, then the component with
the higher melting point is added to the liquid, and the mixtures melt together.
2. When the two components have high melting points or close, the two components are

mixed and melted together.
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In these ways, many of the DES were prepared from a variety of starting materials such as
ChCl/carboxylic acid, ChCl/fructose, ChCl/phenol, ZnCl2/urea, etc. [113,114].

Figure 2.18. The main synthesis processes of DESs.

2.6.3. Application of DESs
By the excellence of interesting properties of DES and widely accepted have been allowed
to prevalence its application in many different fields in general and the analytical chemistry

fields in particular as shown in Figure 2.19.
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Figure 2.19. Application of DESs in the different fields and in analytical chemistry fields.

2.6.4. Properties of DES Affecting on Extraction Processes

As a common that the development of green solvents aims to find new solvents with
chemical and physical properties and an extraction efficiency similar to the traditional
solvents used in different extraction methods [115]. DESs are acceptable chemical solvents

because they can be designed by combining different HBA with different HBD. Therefore,
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the physical and chemical properties of DES depend on the properties of the different
components that lead to unique reactions during the extraction process. In addition, DES
application possibilities are further influenced by some features such as thermal stability,
toxicity, and biodegradability [116]. As a result, the essential physicochemical features of

DES will be described in the following subsections.

2.6.4.1. Melting Point

As is customary, the melting point (Tm) of DESs is substantially lower than that of their
constituent components according to the definition. There is a relationship between the size
of the interactions that occur between HBA and HBD, and the melting point, as these
interactions increased, the melting point decreasing will be increased [103,117]. In another
word, the melting of DES increases with the increase of the HBA chain (tetra-alkyl

ammonium/quaternary phosphonium) as well as the increase of the HBD chain (alkyl).

2.6.4.2. Density
The density (p) of DES must be higher or lower than that of water when used as a solvent in
extraction processes [118]. The density of the DES is affected by several factors, the most

important of which are:

1. Structures of both HBA and HBD: the density decreases with the increase in the chain
of each.

2. The solubility of DES: the density decreases with the increase in the solubility of DES
in the aqueous phase and vice versa.

3. Temperature: the density decreases with the increase in the temperature and vice versa

4. Molar ratios of HBA and HBD.

2.6.4.3. Viscosity

Viscosity (1) is one of the most important physical properties that affect extraction processes.
It is preferable to use DES with low viscosity as it is an extraction solvent. The existence of
a huge network of hydrogen bonds between each component leads to less movement of the

free species in the DES, therefore the high viscosity of DES was achieved.

There is a relationship linking viscosity to the solubility of DES, where the higher solubility

of DES in the aqueous phase leads to lowering its viscosity due to the decrease in the
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viscosity of water. In addition, the viscosity increases with the increase of the HBA chain.
Even so, a decrease in viscosity appears when using long, branched chains, meaning that the
viscosity depends on the chemical characteristics of HBA and HBD. On the other hand, the
viscosity of DES differs considerably depending on the temperature. and also increases with
the increase of the ratio of HBA to HBD in the mole fraction [119].

2.6.4.4. Hydrophobicity

Mostly, the formed DES is hydrophilic due to the existence of hydrogen bonds between
HBA and HBD. The hydrophobic character of DES depends largely on the structure of the
basic components of each of HBA and HBD. As the long chains of HBA and HBD lead to

a decrease in the solubility of them and DES in the aqueous phase.

Furthermore, DES made up entirely of hydrophobic components is more stable in water than
DES made up of both hydrophobic and hydrophilic substances. According to their solubility,
the hydrophilic substances in DES can dissolve in the aqueous phase, reducing DES stability
[120].

2.6.4.5. Surface Tensions

The interactions that occur between HBA and HBD have a significant impact on the surface
tension value, when the interactions that occur are strong, the high surface tension values are
obtained and thus leads to an increase in the extraction efficiency. There is little research
that includes the effect of surface tension on extraction processes using DES as an extraction
solvent. From these studies, the effect of temperature on the surface tension was investigated,
it was observed that an increase in the temperature leads to a decrease in the value of the
surface tension due to the breaking of hydrogen bonds in the DES, thence low extraction
efficiency was obtained [121,122]. The influence of HBA and HBD chain length on the
surface tension value was investigated in another research. Studies have shown the highest
extraction efficiency with DES synthesizing of the shortest chain of both HBA and HBD. It
was found that the extraction efficiency increases by decreasing the length of the alkyl chain
[123,124].

2.7. Atomic Absorption Spectrometry
Atomic absorption spectroscopy (AAS) is one of the most widely used instrumental

techniques in analytical chemistry. This is because of the low cost of usage, is easily
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accessible, the technique offers sufficient sensitivity for many applications, and it is
relatively free from interference [125]. Atomic absorption occurs when an atom in the

ground state absorbs light of a certain wavelength.

Since the method is based on energy absorption by free atoms, it can be used without prior
separation or isolation from other elements in the sample. In addition, through this technique,
concentrations ranging from one part per million (ppm) to one part per billion (ppb) can be

detected despite the small sample size required.

There are some basic principles of AAS that can be expressed simply as follows: (i) all atoms
can absorb light; (ii) There is a specific wavelength for each element at which it absorbs
light. For example, if there is a sample that contains lead with other metals such as copper
and nickel when exposed to light at the specific wavelength of lead, the lead atoms only will
absorb this light. (iii) to determine unknown samples, the relationship between the amount
of light absorbed and the concentration of the analyte present in the known standard samples

can be used by measuring the amount of light they absorb [126,127].

In order to quantitative determination for a specific element through AAS technique, it is

necessary to know the stages that the sample goes through, which are as follows:

e Converting the analyte solution that contained an element into aerosol (Nebulization).

e Evaporation of the analyte, i.e., converting the vapor of the sample into gas.

e Converting the sample into free atoms by providing sufficient thermal energy
(atomization).

e The interaction of the atomized sample with the rays coming from the light source

e Stable atoms at the ground state energy level absorb light and become unstable at the
excited energy level (excitation)

e Analyte concentration obtained by measuring the absorption signal at the detector.

2.7.1. Quantitative Analysis

Using an optical detection system, quantitative analysis is implemented by calculating the
ratio between the intensity of the light source before entering the atomic cell (the incident
beam, 10) and the intensity of light outgoing from the atomic cell after absorption (the

transmitted beam, 1). The absorbance (A) represents the logarithm of this ratio, which is
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directly proportional to the concentration of the analyte (C) in the atomic cell. In other words,
the amount of absorbance increases with the increase of the atomic number of the element.
The amount of absorbed light can be expressed by the Lambert-Beer law [128].

A =1log (lo/l) = abC
Where:

a: is a constant called the absorptivity (L/g cm);
b: is the pathlength of the cell (cm);

C: the concentration of the analyte absorbent (mol L™).

2.7.2. Instrumentation

An atomic absorption spectrometer contains three basic required components: a light source,
a sample cell, and a method for measuring a specific light illustrated in Figure 2.20 and
Figure 2.21 [129,130].

+ A light source used to generate light at the wavelength which is
characteristic of the analyte element. This is most often a
hollow cathode lamp, which is an intense narrow line source.

+ An atomizer to create a population of free analyte atoms from
the sample. The source of energy for free atom production is
usually heating.

*The sample is introduced as an aerosol into the heating source
and the burner is aligned in the optical path so that the light
beam passes through the heating source, where the light is
absorbed.

«An optical system to direct light from the source through the
atom population and into the monochromator.

* A monochromator to isolate the specific analytical wavelength
of light emitted by the light source lamp from the non-analytical
lines including those of the fill gas.

*A light-sensitive detector (usually a photomultiplier tube) to
measure the light accurately.

+Suitable electronic devices measure the response of the detector
and translate this response into useful analytical measurements
(readout).

Figure 2.20. The basic components for spectrometer.
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Figure 2.21. Basic atomic absorption spectrometer instrument [131].

2.7.2.1. Unit of Light Source

The function of light sources is to emit light at wavelengths that can be absorbed by the
atoms in the sample. There are two types of light sources (line source): continuous and
intermittent. Although continuous light sources such as hydrogen and tungsten lamps emit
light of all wavelengths in a certain range, very little of it is absorbed by atoms with low line
absorption, and as a result, the measured absorption signal is small. One of the disadvantages
of the narrow lines sources is to constraint the atomic absorption technique as an analytical
method through spectral interferences, and thus to obtain a low sensitivity. The hollow
cathode lamp (HCL) and the electrodeless discharge lamp (EDL) are represented as the two

most prevalent line sources employed in atomic absorption techniques [132].

The HCLs are cylindrical lamps filled with an inert gas (1.0 - 5.0 Torr pressure) such as neon
or argon. Figure 2.22 shows the cross-section of HCL. The lamp is made of glass and/or
quartz. Inside the lamp, there are a cathode and anode. The cathode consists of the metal to
be analysed or another metal surface coated with this metal, in the form of a hollow cylinder.
The anode is a wire made of tungsten or nickel [133]. The cathode and the anode are very
close together. The individual metal atoms are obtained by applying a different electrical
potential between the cathode and the anode (300 — 500 Volt), where the inert gas atoms are
ionized at this stage (Ar* or Ne*). Gas ions (Ar* or Ne*) pass quickly through the electric
field to collide with the cathode (negatively charged), as a result of this collision, the
individual metal atoms are dislodged. Subsequently, through kinetic energy transferred by
impact with inert gas ions, the sputtered metal atoms are excited to an emission state and

then return to their ground state immediately. When the metal atoms return to their ground
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state, they emit the absorbed energy in the form of radiation [126]. The emission process is

illustrated in Figure 2.23.
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Figure 2.22. Hollow cathode lamp [134].
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Figure 2.23. Hollow cathode lamp process [135].

HCLs have some limitations that are summarized as follows [126]:

e When using this lamp repeatedly, the deposition of a black layer on the inner surface of
the lamp, which is the element atoms released from the cathode layer. Therefore, each
lamp has a finite lifetime for work.

e One of the main causes of lamp failure is the decreasing fill gas pressure that occurs as
a result of adsorption of the filling gas atoms (Ar ¥, Ne ¥) on the internal surfaces of the
lamp. This, lead to decreases in the sputtering efficiency and in the excitation process of
the sputtered metal atoms, which reduces the intensity of the lamp emission.

e The presence of hollow cathode lamps specific to each element (single element HCL) is
a disadvantage for AAS. For this reason, multielement HCLs are designed to determine

more than one element in succession.
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EDLs are glass or quartz bulb that contains a salt of the element or a small amount of the
metal which the source is to be used, and it is filled with an inert gas under low pressure (Ne,
Ar). Figure 2.24 shows the design of the (EDL). Since these lamps do not contain electrodes,
a strong radiofrequency field is required for the ionization of the inert gas inside the bulb.
For this reason, the glass bulb is surrounded by a ceramic cylinder surrounded by a copper
coil (radiofrequency coil), which is connected to a radiofrequency or microwave electric
source. As a result of the passage of the electric field, the temperature of the bulb rises,
releasing the atoms of the element in the form of an atomic cloud. Then the metal atoms are
excited, and a beam is emitted from the characteristic element of this metal element [136].

This type of lamp is characterized by:

e The light beam emitted from it has a relatively high intensity.
e ltswork is limited to a few elements.
e More expensive than HCL

e It needs a separate unit for the radiofrequency field.

Ceramic holder RF coil
\ L

/

Quartz window

Figure 2.24. Electrodeless discharge lamp [137].

2.7.2.2. Unit of Nebulizer

Nebulizers are used as sampling units in AAS. The oxidizing gas passed through the tubes
in the nebulizer creates a negative pressure effect on the liquid solution in the inner tube,
resulting in the formation of an aerosol that disperses as fine droplets. Large-sized droplets
are thrown by separating the aerosol according to their size in the spray chamber. A spray
chamber is a significant part of the nebulizer for ensuring the nebulizer aerosol and the fuel
are mixed properly. Homogeneous combustion and atomization are achieved with the small-

sized droplets carried by the gas. Nebulizers are especially used in continuous flame
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atomizers with their short response times and high repeatability. On the other hand, a very
small portion (1.0-10%) of the solution sent to the system reaches the flame, and this loss of

solution reduces the overall sensitivity of the system [138].

2.7.2.3. Unit of Atomization

The quality of the results obtained from atomic absorption spectroscopy depends on the
efficiency of the atomization of the analyte and thus the sensitivity of the system, so the
atomizer is the most important part of the AAS instruments. There are several atomizer
techniques that developed, the most important of which are: flames, electrothermal, and

special atomization techniques [127].

2.7.2.3.1. Flame Atomizer Technique

The homogeneous mixture between small droplets of aerosol (containing the analyte) and
the fuel, that obtained from the nebulizer unit, passes into the burner where combustion and
sample atomization take place. Figure 2.25 shows an atomic absorption burning system

called a “premix” design. The Premix burner has some characteristics as follows:

e The beam path through the flame is long, which makes the sensitivity high.

e The mixing of fuel, oxidant, and sample drops (aerosol) is highly homogeneous, making
the signal stable.

e The aerosols are homogeneous and approximately equal in size, which results in the
stability of the flame, and leads to the stability of the signal.

e Itissafe in the case of lack of oxidant or fuel, it is not possible for the flame to enter the
burner body, because the mixture outside and inside the burner body is not different, so
there is no risk (flashback) of an explosion.

e Expensive.
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Figure 2.25. Premix or laminar flow burner used in flame atomic absorption spectroscopy
[129].

In order to obtain maximum absorbance, the following must be observed:

e Passing as much as possible of the light from the light source lamp via the flame.
e For each individual analysis, the burner position must be adjusted so that the highest

population area of free atoms corresponds with the optical path.

As soon as the solution's reached the flame's base, the solvents evaporated, turning the
aerosol droplets into very tiny solid particles. These particles undergo changes (fusion or
melting and vaporization) to form molecules [139].

Flame atomization uses flammable gas as a fuel source that is mixed with an oxidizing gas
to form a high-temperature flame. These gases must be mixed in equal ratios for optimum
efficiency and stable combustion. the thermal energy from the flame is responsible for
producing the absorbing species. Therefore, the flame temperature is an important parameter
governing the flame process. There is a linear relationship between the amount of energy
supplied by a flame and the temperature of the flame. Thus, different mixtures of flammable
gases can be used in AAS depending on the desired temperature. The gas mixtures used in
AAS and their characteristics are shown in Table 2.8 [126,129,136].
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Table 2.8. Properties of spectroscopic flames for AAS.

Maximum Burning

Fuel Oxidant Temperature °C Velocity (cm s3)
Natural gas Air 1700-1900 39-43
Natural gas Oxygen 2700-2800 370-390
Hydrogen Air 2000-2100 300-440
Hydrogen Oxygen 2550-2700 900-1400
Acetylene Air 2100-2400 158-266
Acetylene Oxygen 3050-3150 1100-2480
Acetylene Nitrous oxide 2600-2800 285

The air-acetylene and the nitrous oxide-acetylene are the two types of flames that are most
used for the FAAS technique. Although the air-acetylene flame is adequate for the greater
number of elements determined by atomic absorption, the hotter nitrous oxide-acetylene
flame is required for numerous refractory elements, in addition, that is also effective in the

control of some types of interference [140].

The efficiency of combustion also depends on the rate of combustion velocity and on the
rate of gas flow, which are inversely related. If the gas flow rate is slower than combustion
velocity, the flame propagates itself back into the burner, giving a flashback. As if the flow
rate is too fast, the combustion rate will be low and the flame will rise until it reaches a point
above the burner. When the gas flow rate and the combustion velocity are equal, at this

region the flame is stable [141].

The temperature inside the flame is not completely homogeneous, but varies according to
the distance from the top of the metal body of the burner, as well as how near or far the point
at which we measure the heat from the tip of the flame. Figure 2.26 shows a cross-section
through the flame, looking down the source radiation’s optical path. It is possible to
distinguish three regions within the flame, the characteristic for each one are shown in Figure
2.27 [141,142]:

secondary
combustion zone

interzonal
region

primary
combustion zone

typical
optical path

burner head

Figure 2.26. Regions in the flame of AAS [137].
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Figure 2.27. The characteristics of regions within the flame.

2.7.2.3.2. Electrothermal Atomizer Technique

The electrothermal atomization, also known as flameless atomization, was developed for
low-concentration materials, the most famous of which is the graphite furnace. The graphite
furnace technology is the most preferred, which appeared in the 70s (that is, after a long time
of use of the flame). Although electrothermal atomizers have advantages such as requiring
small sample volumes, working with viscous samples that are difficult to be in the form of
an aerosol, low detection limit, high evaporation and atomization efficiency, and analysis of
solid samples; but It is not preferred much because of its high cost, large power supply

requirement and covering large areas [143].

A typical graphite furnace consists of a cylindrical graphite tube approximately 1-3 cm in
length and 3-8 mm in diameter. As shown in Figure 2.28, 1-100 pL of sample is injected
into the furnace through the hole in the middle of the furnace. Light from the light source
lamp passes through the windows at each end of the graphite tube. A continuous stream of
inert gas is passed through the furnace, protecting the graphite tube from oxidation and



removing the gaseous products produced during atomization, and the highest recommended

temperature is 2550 °C in less than 7 s.

In FAAS the analyte stays in the optical path is less than one second while in graphite furnace
traps the atomized sample for a few seconds in the optical path. Thus, it achieves greater
sensitivity [143,144]. To achieve adequately atomization of the sample, the furnace is heated

in three stages, which are shown in Figure 2.29 [145].

optical sample optical

window window
— -—
optical path optical path -

graphite tube
\ inert gas inlets/

Figure 2.28. Cross-section of an electrothermal analyser [142].

» The sample is dried to a solid residue, and the solvent is removed by using a
current that raises the temperature of the graphite tube to about 125 °C and kept
for 20 s.

» The sample is heated between 350 — 1200°C to remove the organic substances by
converting them to CO, and H,O, and the volatile inorganic substances are
vaporized. These gases are removed by the inert gas flow. This step is especially
important in the analysis of elements with high volatility, because with the
increase in temperature, the analyte element may be removed prior to the
atomization step. Therefore, in this step, the signals are not recorded.

» The temperature of the graphite furnace is rapidly increased to between 2000 —
3000 °C, at which gaseous atoms of the element to be analysed. This temperature
is kept for 5 seconds according to the analysis element. The light absorbed by the
analysis element is measured in the atomization step. Signals are received using a
printer and evaluation is made by measuring the peak areas or heights.

Figure 2.29. The heating program steps of graphite furnace.



2.7.2.3.3. Special Atomization Techniques
There are some other atomizers that can be used with the same spectrometer to produce
ground-state atoms. The basic principle of different atomization processes uses was to

eliminate the limitations of classical techniques for some specific elements.

One of these is the hydride generation technique (Figure 2.30), which is designed for volatile
elements such as (Arsenic, Tin, Bismuth, Antimony, Tellurium, Germanium, and Selenium).
These elements have the ability to react with reducing agents (sodium borohydride) and
converted into gaseous hydride form in an acidic medium and move to the vaporizer using
the gas flow (argon). During the atomization process, hydride compounds exposed to
temperatures of 800-900 °C are broken down and analyte atoms are formed. The analytical
signal is the highest absorption reading, peak height, or integrated peak area. In this method,
while the matrix effect is eliminated by the transition of analyte atoms to gas form, on the
other hand, the sensitivity of the method is increased to a very high extent by sending only

the target analyte to the system [131].
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Figure 2.30. Scheme of the hydride generation technique [131].

The cold vapor technique is another specific atomization technique developed for mercury
since mercury is the only metal that can evaporate even at room temperature. the process
occurs by a mercury sample reaction with a strong reducing agent in an acidic medium and
in a closed container. In the same way as the prior system, the formed elemental mercury

atoms are sent to the quartz absorption cell with a carrier gas (air or argon bubbling). By
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adding an extra amount of the sample, the sensitivity can be increased, and this is the

advantage of the technique [131].

2.7.2.4. Monochromator Unit

Since the element to be determined gives absorbance at a certain wavelength, the wavelength
at which the element gives maximum absorbance must be separated from the other light
beams, where monochrome is responsible for this task (Figure 2.31). It should be preferred
considering the wavelength ranges of the materials used in the construction of
monochromator components such as slits, lenses, windows, and prisms. After that, the
chosen wavelength light is sent to the sample. The separation power of the monochromator
is directly related to the excellence of the instrument in almost all spectroscopic methods. In
the FAAS system, there is no need to use monochromators with high separation power
except for a few elements and a bandwidth of 0.2 nm is enough for the measurements for

most elements [146].
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Figure 2.31. A monochromator [126].

2.7.2.5. Detection Unit

The main principal objective of the detectors is to convert the monochromator's beams into
electrical signals using a photomultiplier device. A photomultiplier tube (Figure 2.32) is a
highly sensitive device. This device consists of an anode and nine dynodes, where each one
IS more positive than the previous one. The accelerated electrons collide between the nine
surfaces of the dynodes with more energy than their initial kinetic energy. This process is
repeated several times, and finally, with each photon striking the initial surface, many
additional electrons are collected. In this way, extremely low light intensities are converted
into measurable electrical signals [147].
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Figure 2.32. Photomultiplier tube [147].

2.7.3. Interferences

Atomic absorption is a specialized technique with a few interferences. It can be classified
into two basic categories as spectral and non-spectral interferences. Non-spectral
interferences are matrix interferences, chemical interferences, and ionization interferences.
Spectral interferences consist of emission interference, spectral interference, and
background interference. If the existing interference can be determined very well, it is

possible to prevent it.

2.7.3.1. Chemical

This type of interference can often be minimized by choosing appropriate working
conditions. In chemical interference, the sample analyte forms thermally stable compounds
(for example, refractory phosphates, oxides, silicates, or carbides), which do not completely
decompose at the flame temperature, thus the population of analyte atoms that can absorb

will be reduced and this will decrease the analysis sensitivity.

There are two methods applied to overcome this interference normally;

e The first method; is to do away with the interference by inserting another element or
compound (a sequestering agent) into the medium that will form a thermally stable
compound with the interfering species.

e The second method; since interference occurs due to inadequate energy to atomize the

thermally stable analyte compound, it can be got rid of by increasing the amount of
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energy; that is means, chemical interference can be overcome by using a hotter flame.

For this, it is most appropriate to use a nitrous oxide-acetylene flame.

2.7.3.2. lonization

The nature of this Interferences can be a problem in the analysis of alkali metals at relatively
low temperatures and in the analysis of other elements at high temperatures. In these two
cases, the elements are ionized and the total number of atoms at the ground state decreases.
Since ions have different energy levels than neutral atoms, the expected atomic signal

decreases, which leads to a negative error.

This interference can be avoided in two ways.

e A lower temperature flame may be preferred for atomization. For example, if an
air/propane flame is used instead of an air/acetylene flame in the analysis of alkali metals,
atomization without ionization may be achieved. Nevertheless, the use of low
temperature is not a definitive solution as it will reduce the atomization efficiency of
many elements.

e Another way in which ionization interference can be eliminated is to use an ionization
suppressor that reduces the degree of ionization of the analyte. In this method, by adding
another element with low ionization energy such as K, Na, Rb, and Cs to standard and
sample solutions. When adding these metals, the number of electrons in the flame will

be increased and reduce the formation of cations.

2.7.3.3. Matrix

This type of interference occurs because the physical and chemical properties of the sample
matrix differ from the parameters of the calibration curve standards. These properties may
be are viscosity, surface tension, and combustion rate. The difference in these characteristics
is due to several reasons, including the use of different solvents; the difference in sample
temperatures; and the difference in the concentrations of dissolved salts, acids, and bases.
Therefore, the resulting signal may be increase or decrease due to this type of interference.

They are controlled by using the matrix spike test or dilution of the sample.
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2.7.3.4. Emission

The intensity of the light emission of the analyte has an effect on sensitivity, If the light
emission intensity is great, the analyte absorption amount may decrease due to the reduction
of the ground state atoms numbers. Emission interference can be removed by increasing the
source current, reducing the slit width, or diluting the sample. Increasing the source current

or decreasing the slit width will result in an increase in the signal to noise ratio.

2.7.3.4. Spectral

Spectral interferences occur in the presence of an element or multiple atoms that absorb light
of the same wavelength as the element analyzed in the absorption cell. As a result, less light
reaches the detector than it should, and absorbance values are greater than expected. The
most straightforward approach to avoid this is to use a line of the analyzed element that does
not overlap with the interfering element or to use an alternative wavelength of the studied
element. In another hand, it must be ensured that the analyte sample is free of elements that

may interfere in the line and try to obtain previous information about it to confirm and solve.

2.7.3.5. Ground Interferences

Serious problems can be getting up in the analysis if the multiple atomic species (molecules
or radicals) in the sample solution absorb light. In addition, reactive oxides formed during
combustion also affect ground interferences. The presence of such substances in the flame
causes light scattering, causing a positive error in absorbance. Ground interferences, also
called ground absorption, are the most important source of error in atomic absorption

spectroscopy.

To solve this problem, the analyte absorbance must be found by measuring the total
absorbance value (analyte absorbance + ground absorbance) and subtracting the absorbance

from the interference.

It is not possible to prevent this type of interference from occurring, but various methods
have been developed to correct ground interferences such as continuum source, Zeeman
effect, the double line effect, and pulsed HCL.

Continuum Source: The ground correction is achieved by using a continuous light source,

a light source that can radiate in a wide wavelength range (deuterium/halogen) other than
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the HCL. The wide emission of the deuterium lamp and the emission of the HCL are
sequentially passed through the atomizer. The light of the HCL is absorbed by the analyte
and the ground, while the light from the deuterium lamp is only absorbed by the species that
cause ground interferences. The difference between the two absorbance values is the

absorbance of the analyte.

Zeeman Effect: Is based on the principle of splitting the electronic energy levels of the atom
when a magnetic field exists. In order to avoid ground interference, the magnetic field is
applied to the atomizer using the Zeeman effect. In this technique, the two components of
the analyte atoms behave differently when interacting with polarized light. The absorption
of the analyte and the molecules causing the ground interference can be separated from each

other because their magnetic and polarization properties are different.

The Double Line Effect: The double line method is based on the principle of measuring the
absorbance twice at two different wavelengths. The first measurement is made at the
characteristic wavelength of the analyte. The resulting absorbance is the sum of the
absorbance of the analyte and the absorbance of the species causing the ground interference.
The second measurement is made at a wavelength close to the first wavelength where the
analyte does not absorb. The absorbance obtained from this measurement belongs only to
the ground absorbance and the difference between the results of the first and second

measurements gives the true absorbance value.

Pulsed HCL.: This ground correction method is based on operating the hollow cathode lamp
at low and high current, respectively. The total absorbance is measured with the source beam
obtained at a low current. In the high current pulse, the emission line of the lamp expands
and the center of this line is absorbed by the atomic vapor in the CHL, causing a decrease in
the emission intensity of the lamp (self-absorption). In this case, the measured absorbance
value belongs to the ground absorption. Analyte absorbance is calculated from the difference

between absorbances.
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3. EXPERIMENTAL

3.1. Chemicals and Solutions
Each of the chemicals utilized was an analytical grade certification. All the information
related to the chemicals used and preparation procedure were listed in detail as follows:

3.1.1. Heavy Metals Solutions
Standard solutions (1000 mg L) of lead, copper, nickel, and cobalt ions were prepared, as

shown in Table 3.1.

Table 3.1. The details of heavy metals solutions.

Metal ions Added as Company Preparation
Pb (1) Pb (NO3), Merck, Germany 0.4 gin250 mL
Cu (1) Cu (NO3)2.3H20 Merck, Germany 0.95 g in 250 mL
Ni (1) Ni (NO3)2.6H,0 Merck, Germany 1.23 gin 250 mL
Co (1) Co (NO3)..6H.0 Merck, Germany 1.23 g in 250 mL

3.1.2. Complexing Agent Solution

The heavy metal ions were chelated using 8-hydroxyquinoline (8-HQ) in this study. The
chemical properties and the preparation procedure of 0.1 % (w/v) 8-HQ was shown in Table
3.2.

Table 3.2. The chemical properties of 8-hydroxyquinoline.

Chemical formula CoH/NO

Company BDH, UK

Color White

Solubility Alcohol-soluble
Molecular mass 145.16 g mol*

Melting point 76°C

Preparation 0.05 g in 50 mL ethanol

OH
N

~

/

Figure 3.1. Chemical structure of 8-Hydroxyquinoline.
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The quinoline molecule contains a portion of phenol (Figure 3.1), which in turn contains an
acidic proton. If this proton is deprotonated, the anion formed is fixed by resonance. The
formed anion is alongside the nitrogen pyridine, as the two have unbonded electron pairs
that create covalent bonds with highly polarized ions. The metal ions displace the acidic

protons in the phenol part of the quinoline molecule to form these complexes according to

M?* + ZHQ — MQz + ZH*

Where z is the metal ion charge and HQ is hydroxyquinoline. Thus, the ion charge of the
metal determines the amount of quinoline molecules existent in the complexes [148] as

shown in Figure 3.2.

Figure 3.2. Structure of 8-HQ-metal complexes, where M = Pb?*, Cu?*, Ni?*, and Co?*
[149,150].

3.1.3. Extraction Solvent Materials
In this thesis, deep eutectic solvents (DESs) were used as an extraction solvent. The
chemicals used for deep eutectic solvents preparation were listed in Table 3.3. All chemicals

in this table were purchased from Sigma Aldrich, Germany.

60



Table 3.3. The chemicals used for the preparation of extraction solvent.

Chemical Formula Used as Structure
ot
Choline chloride (ChCl) CsH14,CINO HBA H;C—N=CH;-CH;-CH cr
CH,
OH
Phenol (Ph) CeHsO HBD
7
Urea (U) CHsN20 HBD C
HoN"" T NH
2 2
O
Oxalic acid dihydrate (OA) C2H204.2H:0 HBD HOHOH « 2H,0
O

3.1.4. Effervescence Agent for Emulsification

Effervescence agent was used as an emulsification method in this study. To choose the
suitable effervescence agent for the extraction process, different effervescent powders were
prepared from different substances which purchased from Merck, Germany as illustrated in
Table 3.4.

Table 3.4. The chemical substances used for the preparation of effervescence agent.

Chemical Formula Used as
sodium dihydrogen phosphate (SDP) NaH2PO4

citric acid (CA) CeHsO7 proton donor
ascorbic acid (AA) CsHsOs

sodium carbonate (SC) Na;COs carbon dioxide source
sodium bicarbonate (SBC) NaHCO;

3.1.5. Buffer Solutions

The buffer systems CH3COOH/CH3COONa, KH>PO4/Na;HPOs4, NaHPOJ/HCI,
Na>CO3/NaHCOs3 were used to select the appropriate pH during pH optimization, which is
a very effective parameter on the performance of extraction method. The CHsCOONa was
purchased form Sigma Aldrich, USA and others from Merck, Germany. The preparation

procedures of buffer solutions were given in Table 3.5.
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Table 3.5. The preparation procedures of buffer solutions.

Buffer solution  Preparation procedure
0.10 M (17.799 g L'?) Sodium hydrogen phosphate + 0.10 M Hydrochloric

pH 2.0-3.0 acid

pH 4.0-6.0 0.10 M (8.204 g L) Sodium acetate + 0.10 M Acetic acid

pH 7.0-8.0 0.10 M (13.608 g L) Potassium dihydrogen phosphate + 0.10 M (17.420 g
o L) Sodium hydrogen phosphate

pH 9.0-10.0 0.10 M (10.598 g L) Sodium carbonate + 0.10 M (8.401 g L) Sodium

bicarbonate

3.1.6. Other Chemicals

Tetrahydrofuran (THF) (Merck, Germany) was used as an aprotic solvent. Ethanol (Merck,
Germany) and HCI 37 % (w/v) with 1.19 g mL* (Merck, Germany) were used to prepare 1
% (v/v) acidic ethanol that used to dissolve and dilute the extracting phase. HNOz 65 %
(w/v) with density 1.39 g mL* and H20, 30 % (w/v) with density 1.11 g mL* (Merck,
Germany) were used in the microwave digestion of real samples. Besides, NHz 30 % (w/v)
with density 0.90 g mL™* (Merck, Germany) was used to adjust the pH of real samples after

performing the microwave digestion process.

All of the solutions and samples were prepared with deionized water with a conductivity of
18.2 M cm™. To avoid contamination, all glassware was soaked in 10 % (v/v) hydrochloric

acid for at least 24 hours before being rinsed with deionized water.

3.2. Apparatus

3.2.1. Detection Instrument

In this procedure, flame atomic absorption spectrophotometer was used as an instrument for
lead, copper, nickel, and cobalt determination. The specifications of this instrument were
listed in Table 3.6, and the measurement conditions recommended by the manufacturer for

each metal were illustrated in Table 3.7.

Table 3.6. The specifications of flame atomic spectrometry instrument.

Company Perkin Elmer, USA

Model AAnalyst 800 Atomic Absorption Spectrophotometer
Atomizer Flame atomizer

Background correction  Deuterium lamp

Flame type Air/acetylene

Flow rate 17.0/2.0 L mint

Radiation source Hollow cathode lamps for lead, copper, nickel, and cobalt
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Table 3.7. Measurement conditions for flame atomic absorption spectrometry.

Parameter Pb (11) Cu (1) Ni (1) Co (1)
Lamp current (mA) 28 15 30 30
Wave length (nm) 283.3 324.8 232.0 240.7
Slit width (nm) 0.7 0.7 0.2 0.2

3.2.2. Other Instruments
There are many instruments needed during laboratory work to apply and complete the

advanced method mentioned in Table 3.8 with details.

Table 3.8. The complementary laboratory instruments.

Instrument Company Purpose of use
Millipore Simplicity deionized  Merck, Germany Preparation and dilution of all
water device solutions.
Digital pH meter Isolab Laborgerdate GmbH, pH amendment of sample
Germany solutions
UNE 500 Universal oven Memmert, Germany Drying the textile products and
some chemicals
Manual hydraulic press GRASEBY SPECAC, UK  Preparation the effervescent
tablets
MARS 6-One Touch CEM Corporation, USA Real sample digestion
Microwave Digestion System
Analytical balance Mettler Toledo, Weighing all solid chemicals
Switzerland

3.3. Preparation of Deep Eutectic Mixture

In general, the preparation process for DESs simply boils down to mixing specific weights
of HBA material with HBD material according to the molar ratio to be prepared. The DESs
mixtures were magnetically stirred in glass beakers until clear solutions were obtained. Some
solutions require slight heating, while others require heating to a higher temperature. Based
on that, three different types of DESs with different molar ratios were prepared (ChCl: Ph,
ChClI: U, and ChCI: OA) as shown in Table 3.9

Table 3.9. The preparation Procedure of different DESs.

Amount for given molar ratios

DES type 11 1:2 1:3 14 L5
ChCI: U 1.399:0.60 g 1.39g:1.20¢g 1.399:1.80g 1.39g:240¢ 1.399:3.00¢g

ChCI: OA 1.399:0.90 g 1.399:1.80¢ 1.399:270¢g 1.399:3.60 g 1.399:450¢
ChCl: Ph 13.969:9.41g 13.969:1882g 13.960:28.20g 13.969:37.60g 13.96 g:47.05g
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Clear solutions of ChCl: U and ChCI: OA were obtained after continuous stirring for 45
minutes at 80°C for ChCI: OA and 90°C for ChClI: U, while ChClI: Ph solution was achieved
after 5 minutes at 50°C as shown in Figure 3.3. On the other hand, Figure 3.4 shows the

synthesis reaction of ChCl: Ph DES at a 1:3 mole ratio.

Figure 3.3. Image of the DES that composed from ChCl and Ph.

| A

; oH |
HO/\/N\-\~ +3 ©/ L SO HO/\/ {;""Cl -- I—O@

5 min

cr ?

Figure 3.4. Schematic representation for ChCl: Ph DES formation at a 1:3 mole ratio.
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3.4. Effervescent Agent Preparation

3.4.1. Effervescent Powder

The requirements for effervescent powder preparation are a proton donor and a source of
carbon dioxide. For this purpose, SDP, CA, and AA were used as proton donors and SBC
and SC as carbon dioxide sources (see Table 3.4 for abbreviations). Before using, all these
chemicals were dehydrated in an oven at 90°C for 2 hours and then the powders were
manually integrated in a ceramic mortar and pestle until a fine and homogeneous powder
was obtained. The procedure of effervescent powders preparation was illustrated in Table
3.10.

Table 3.10. The procedure of effervescent agents’ preparation.

Effervescent agent . . Effervescent
- Mole ratio Preparation
compositions agent amount
SDP: SBC 0.001: 0.001 0.156 g: 0.084 g 0.240 g
SDP: SC 0.002: 0.001 0.3129:0.105¢g 0.417¢g
CA: SBC 0.001: 0.001 0.192 g: 0.084 ¢ 0.276 g
CA: SC 0.002: 0.001 0.384 9:0.105¢g 0.489¢
AA: SBC 0.001: 0.001 0.176 9: 0.084 g 0.260 g
AA: SC 0.002: 0.001 0.352 9:0.105¢g 0.457¢g

3.4.2. Effervescent Tablet
The adequate amount of effervescent powder for the proposed method was weighed
accurately and compressed in a manual hydraulic tablet press apparatus at 12 tons for 1 min

as shown in Figure 3.5. The obtained tablets were stocked in an inert atmosphere like a

desiccator.
C0; H
Sowrce Df)lor
7T N // ‘HE:J
W r
v o //\ I\\
. Weighing —
R e |
b
Desiccation : Effervescent
Blendin i stori
4 Tableting agent tablet Storing

Figure 3.5. Schematic representation of making effervescent tablets.
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3.5. The Procedure of Effervescence-Assisted Dispersive Liquid-Liquid
Microextraction Based on the Deep Eutectic Solvent (EA-DES-DLLME)

3.5.1 Using Effervescent Powder

The EA-DES-DLLME method consists of several stages, the first stage involves preparing
two conical bottom tubes with a capacity of 50 mL, the first is for the analyte and the other
is for the effervescent agent. The analyte tubes containing the extraction solutions for Pb
(11), Cu (1), Ni (1), and Co (I1) which contains 25 mL of standard or sample solutions, pH
6.0 buffer (CH;COOH/CH3COONa), 0.1 % (w/v) of 8-HQ as a complexing agent, (ChCl:
Ph) DES as an extraction solvent and THF as an aprotic solvent. The contents of analyte and

effervescent agent tubes for each ion were clearly mentioned in table 3.11.

Table 3.11. The contents of analyte and effervescent agent tubes.

Analyte tube Effervescent agent tube
Metal Standard pH6.0 8-HQ DES (uL)- THF Effervescent  Effervescent
ions solution buffer (uL) mole ratio (uL) powder powder
(ugL 1Y) in  solution composition amount (g)
25 mL (mL)
Pb (I1) 500 2 750 1000-1:3 1000 AA+SC 0.457
Cu (I 50 2 750 1000-1:3 1000 AA+SC 0.457
Ni (I1) 100 2 750 1000-1:3 1000 AA+SC 0.457
Co (1) 100 2 750 1000-1:3 1000 AA+SC 0.457

The second stage involves pouring the analyte tube contents into the tube that containing the
effervescent powder. Thereafter, effervescence occurred instantaneously from the bottom to
the top of the tube. Thus, the extraction solvent in the aqueous sample solution was
homogeneously dispersed as a result of the effervescent reaction which produced small
bubbles by the CO: released, which effectively accelerated the extraction process. The

effervescent reaction is completed within 2.5 minutes.

In the third stage (phase separation), the ChCI: Ph phase at the top of the tube was collected
automatically once the effervescent reaction was completed, and the aqueous phase was

carefully discarded with a pipette.

In the last stage, the volume of the ChCI: Ph phase that remaining in the tube was diluted to
500 pL with 1% (v/v) acidic ethanol and finally introduced into FAAS by using the micro-
sampling technique [151,152]. The micro-sampling technique was applied with a short

capillary tube specially designed (homemade) for this system to ensure that the sample
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transfers directly to the nebulizer, where the obtained absorption peak height is recorded for

each target metal, so, it is possible to determine these metals in microliter volumes.

The blank solutions without any metal ions were also treated in the same way as the
procedure. The schema of the EA-DES-DLLME procedure was represented in Figure 3.6.

2 ml pH:6 buffer
750 uL 8-HQ o
IUUULNL DES Dilution to 500 pL
1 o ~r A1
‘1000 yL THF ' with 1% acidic ethanol
\ \|
\\ \Y
Transfer
analyte tube
onto o0
: Effervescent o] Removal of Transferring to FAAS
effervescence i o) . : L < T
agen fube _ reaction - r;,g Afier 2.5 m”i aqueous phasE small vial - delemumrlml
¢ /'J » Ly Ly L
o
. ey ‘E)f_:“,)’l / / . s
25wl [M]* Effervescent agent Bubbling and Phase separation DES Phase i\'i]"mﬁ';ﬂ itfil_
ion solution tube dispersion solution o [M]
(Analyte tube) (CO; releasing) ion

Figure 3.6. The schematic of the EA-DES-DLLME procedure with effervescent powder.

3.5.2. Using Effervescent Tablet

Figure 3.7 illustrates the EA-DES-DLLME procedure using the effervescent tablet. The
effervescent tablet was added directly to the analyte tube which containing the extraction
solutions of metal ions that were described in the previous section. The tablet settled down
at the bottom of the tube and began to effervesce from the bottom to the top and then it was

followed by the stages outlined in the preceding section.

2 mL pH:6 buffer

750 pL. 8-HQ Dilution to 500 pL with
1000 nL.DES Tablet 1% acidic ethanol
‘ 1000 ul. THF

S \ |
b\ -.‘\-

—_—
Adding Effen'e_scenr ) Removal of Transferring | FAAS
the tablet reaction : After 2.5 min aqueous phase to small vial | deternunation
A\ / '/ I\hj ~ \ﬁ01'n£;';'aCth
25 mL [M]* Bubbling and Phase separation aeroe 2
ion solution Analyte tube dispersion ’ DES Phase sohution of [M]*
(Analyte tube) (CO; releasing) ron

Figure 3.7. The diagram of the EA-DLLME procedure with effervescent tablet.
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3.6. Sample Preparation

The digestion process with a closed vessel system has several advantages comparing with
open container digestion methods. Teflon containers release fewer metal contaminants
compared to glass or ceramic beakers. Hermetically sealed vessels prevent the pollution of
airborne dust and help to reduce evaporation and volatile metal losses. Moreover, the
procedure with microwave digestion is less time-consuming than open container dissolution
methods [153].

To determine the total metal content in the textile products, cotton fabric samples were
collected from various fabric shops in Ankara, Turkey. The samples were cut and dried for
48 h at 60 °C then weighed. In the pre-digestion step, 0.5 g of dried samples were put into
the vessels of the microwave oven (Figure 3.8 A) and digested with 8 mL of HNO3 (65 %,
w/v) and adding 2 mL of H2O> (30 %, w/v) to increase the oxidizing power of the mixture,
so that leads to a clear digest solution. Before sealing the vessels, they should be kept open
for a minimum of 15 min at room temperature to allow samples to be digested. Blank
digestion was performed in the same manner. Afterward, the vessels were closed by inserting
them in the frame support module (Figure 3.8 B) and assembled in the turntable (Figure 3.8

C) so that they are ready to be placed in the microwave digestion oven (Figure 3.8 D).

Digestion conditions of microwave reaction system were consisting of three main steps as
follows: (ramping the temperature to 210 °C for 20 min with 1600 W and 800 psi), (holding
at 210 °C for 15 min) and (cooling for 10 min) respectively. The resulting solutions were
filled up to 25 mL with deionized water and used as a stock solution of the textile samples.
12.5 mL of textile sample stock solution was adjusted to pH (6.5-7.5) with NHz solution,
thus, the final volume was 25 mL and the EA-DES-DLLME procedure was applied with a

flame atomic absorption spectrometer determination.

(I
W

1

Figure 3.8. (A) microwave vessels, (B) frame support module, (C) assembled the vessels in

the turntable and (D) microwave digestion oven.
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4. RESULT AND DISCUSSION

EA-DES-DLLME method with FAAS was used for preconcentration and determination of
lead, copper, nickel, and cobalt ions. To improve the efficiency of the extraction process,
several optimization studies were performed. These are the effect of pH, the effect of
effervescent agent properties, the effect of DESs properties, the effect of 8-HQ and THF

amount, and the influence of interfering ions.

In this work, the single parameter variable method was applied while keeping the rest of the
variables constant. All the optimization parameters were carried out three times and average

results were used.

4.1. Effect of pH

The effect of the pH is one of the most important factors that affects the efficiency of the
extraction process for the metal ions to be analysed., whereas it has a direct effect on the
complex formation between 8-HQ and these metal ions. The complexing agent, 8-HQ is an
amphoteric compound that has transferable hydrogen and an atom with lone electron pairs.
So, in alkaline solutions, it dissolves as an oxinate, and in acidic solutions dissolves as
oxinium [154]. Therefore, the effect of pH on the absorbance value of target metal ions was
examined between 3.0 and 10.0 while the other parameters remained constant. The buffer
solutions mentioned in Section 3.1.5 were used to adjust the pH in the range of 3.0 to 10.0.
The preconcentration process was carried out by applying the conditions in Table 4.1 and

the results obtained from the absorption value of each metal are shown in Figure 4.1.

It can be seen from Figure 4.1 that the highest absorbance values for lead, nickel, and cobalt
were at pH 6.0, as the results showed low absorbance values for these metal ions at pH below
or above 6.0. On the other hand, the highest absorbance value of copper was observed in the
range of 6.0-7.0. Therefore pH 6 was chosen as the optimal pH for the subsequent
experiments for EA-DES-DLLME.
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Table 4.1. Experimental parameters used in pH optimization for lead, copper, nickel, and
cobalt determination by EA-DES-DLLME method.
500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (pg/L) of Co

Sample volume 25 mL
Buffer solution 2 mL of pH 3.0-10.0
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 L
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457 g
Dispersion time 2.5 min

——Pb(I) --M--Cu(ll) =sk=Ni(ll) —e=Co(ll)
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pH

Figure 4.1. The effect of pH on the EA-DES-DLLME of Pb (I1), Cu (I1), Ni (I1), and Co (II).

4.2. The Effect of Effervescent Agent Properties

The properties of the effervescent agent have an important function in the process of
dispersing the target analyte and transferring it from the aqueous phase to the organic phase
(ChCI: Ph phase) and thus affect the efficiency of extraction [155]. To obtain the highest
EA-DES-DLLME performance, some parameters that have a relation with the effervescent
agent should be optimized such as, type and ratio of carbon dioxide (CO3) source and proton
(H*) donor. In addition to the amount, adding style, and formulation of the effervescent agent

was also optimized.
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4.2.1. Type of CO2 Source and H* Donor

To carry out the effervescence reaction, it is necessary to have a source of proton donor and
a carbon dioxide compound for producing enough bubbles that assist in the dispersion of the
extraction solvent. For that reason, the composition of the effervescent agents has great
importance in the EA-DES-DLLME method.

In order to prepare six various effervescent powders with all possible combinations and
considering the stoichiometry of the reaction between the sources of proton donor and CO.,
for this purpose, SDP, CA, and AA were examined as proton donors, and SBC, SC were
examined as a source of CO.. In this section, the quantity of the effervescent agent was
selected on the basis of the production of 0.001 mol of carbon dioxide. Effervescent capacity
can be affected by the humidity of effervescent powders. Therefore, initial thermal treatment

for drying is requisite.

Some characteristics related to the effervescent agent performance were also determined.
For this purpose, the effervescence times for each combination were noted and the pH
changes of the aqueous sample at the end of the effervescent reaction were calculated.
Obtained results were tabulated in Table 4.2. This process was carried out by applying the
conditions that are given in Table 4.3 and the effect of effervescent agents having different

compositions on the absorbance value was shown in Figure 4.2.

Table 4.2. Some properties of six types of effervescent agent by using various sources of

components.
Effervescence sources Main characteristics

Proton donor Carbon dioxide Effervezfrt]:(ie:)ce time ApH?
SDP SBC 1.2 +1.10
SDF SC 3.3 +1.30
CA SBC 0.5 -2.00
CA SC 1.3 -2.20
AA SBC 2.0 -0.15
AA SC 2.5 -0.13

8pH change value of aqueous sample after addition of effervescent agent.
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Table 4.3. Experimental parameters used in the effervescent agent composition study for
lead, copper, nickel, and cobalt determination by EA-DES-DLLME method.
500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (pg/L) of Co

Sample volume 25 mL
Buffer solution 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 L
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF

EmPb(I) mCu(ll) mNi(ll) mCo ()

0.2

Absorbance

SDP:SBC SDP:SC CA:SBC CA:SC AA:SBC AA:SC

Proton donor : CO, source

Figure 4.2. Effect of effervescent agents having different compositions.

From the results that listed in Table 4.2, it can be noticed that the pH variation (ApH) of the

analyte solution after adding the effervescent agent was unimportant.

Effervescence time has two antithetical characteristics that affect extraction efficiency. The
first is a rapid effervescence that includes strong dispersion of the extraction solvent, which
may increase the extraction efficiency, but the shorter extraction time may lead to a lower
extraction efficiency. The second one is slower effervescence, means weak dispersion of
extraction solvent, which may reduce the extraction efficiency, but also has longer extraction
time, which may lead to increased extraction efficiency [29,100]. SBC combinations have a
shorter effervescence duration concerning the effervescent time (Table 4.2), which can

minimize the extraction efficiency due to the lower interaction time between the extraction
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solvent and the analytes as shown in Figure 4.2. Therefore, SBC was excluded and SC was

chosen to be the source of carbon dioxide.

According to the results shown in Figure 4.2, AA and SC combination has high absorbance
values for each lead, copper, nickel and cobalt due to the fact that the extraction process took
place in a suitable time (2.5 min) with a strong dispersion was occurred. Despite the
combination of SDP and SC it also looks a bit good which has a longer effervescence time

(3.3 min) and a rather weak dispersion process.

Therefore, the composition of AA and SC was selected as a suitable effervescent powder for

further improvement and applied for the preparation of tablets.

4.2.2. The Ratio of CO2 Source and H* Donor

The ratio between the CO- source and the H" donor is important in the effervescent reaction,
and to obtain the uttermost possible extraction efficiency, the ratio of CO2 and the H" donor
must be determined. Usually, more effective effervescence can be obtained by adding an

excessive CO- source or an excess of H™ donor.

In this study, the AA and SC molar ratios were listed to be 0.001:0.001 (depending on the
chemical reaction's stoichiometry), 0.001:0.002, 0.001:0.003 (CO: source excess), and
0.002:0.001, 0.003:0.001 (H" donor excess) as illustrated in Figure 4.3. This process was
applied under conditions which listed in Table 4.4.

Table 4.4. Experimental parameters used in the optimization of ratio of AA and SC for lead,
copper, nickel, and cobalt determination by EA-DES-DLLME method.
500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (pg/L) of Co
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 1:1, 1:2, 1:3, 2:1, 3:1 mole ratio
Dispersion time 2.5 min
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Figure 4.3. The mole ratio between ascorbic acid and sodium carbonate.

The maximal absorbance values obtained when there was an excessive proton donor with a
molar ratio of 0.002:0.001 as seen in Figure 4.3, so the AA and SC molar ratio was set to be

0.002:0.001 in subsequent optimizations.

4.2.3. Effervescent Agent Amount

Increasing the amount of effervescent agent in the aqueous sample leads to the production
of more COg, thus increasing the bubbles that responsible for accelerating the dispersion
process and enhance the transport of target analytes, and thus increasing the extraction
efficiency, but sometimes with the increase in the amount of the effervescent agent the ionic
strength and viscosity of the solution increase, which contributes to reducing the extraction
efficiency [101]. For this reason, the amount of the effervescent agent (AA and SC 2:1) was
examined in the range of 0.228 - 0.914 g (to generate CO; in the range of 0.0005 - 0.002
mole). The results in Figure 4.4 showed that the absorbance values for studied metal ions
increased by increasing the amount of the effervescent agent to 0.457 g and then remained
constant until 0.914 g, as the absorbance values began to decrease. Therefore, 0.457 g of AA
and SC combination was chosen for further experiments. This process was carried out under

conditions which listed in Table 4.5.
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Table 4.5. Experimental parameters used in the optimization of effervescent agent amount
for lead, copper, nickel, and cobalt determination by EA-DES-DLLME method.
500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (pg/L) of Co
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.228-0.914¢g
Dispersion time 2.5 min

mPb(Il) mCu(ll) mNi(ll) mCo(l)
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0.228 g or 1 tablet 0.457 g or 2 tablet 0.685 g or 3 tablet 0.914 g or 4 tablet
(0.001:0.0005) (0.002:0.001) (0.003:0.0015) (0.004:0.002)

Gram of effervescent agent (ascorbic acid : sodium carbonate molar ratio)

Figure 4.4. The effect of effervescent agent amount.

4.2.4. Addition Style of Effervescent Powder

Effervescence must occur from the bottom to the top of the test tube to achieve good
dispersion efficiency. So, two different styles of addition were used in order to get
maximized dispersion as shown in Figure 4.5. Style A; at the beginning, the effervescent
powder was put in the bottom of the test tube and then the analyte solution which containing
the metal ions, complexing agent, DES, and THF was added into the tube of effervescent
powder. In style B; the analyte solution containing metal ions, complexing agent, DES, and
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THF was initially introduced to the test tube and then the effervescent powder was added

into the analyte solution.

Analyte solution Effervescent
powder
Adding the Adding the
analyte o effervescent
solution Dispersion [0 © powder Dispersion
E— 08 e
O
]
%0
O
OO
o
&) &/ o &/ _/ \_
Effervescent Dispersion occurs from Analvto solation Dispersion occurs on
powder bottom to top . the surface
(Adding style A) (Adding style B)

Figure 4.5. Two different adding styles of effervescent agent.

Figure 4.5 shows that style A is better than style B, because in style A, effervescence began
immediately from the bottom to the top of the tube and homogeneous dispersion of the
extraction solvent into the sample solution occurred, but in style B the dispersion was not
homogeneous because the effervescence occurred on the surface of the solution, resulting in
a decrease in the extraction efficiency. This process was carried out under conditions which
listed in Table 4.6.

Table 4.6. Experimental parameters used in the optimization of effervescent agent addition

style for lead, copper, nickel, and cobalt determination by EA-DES-DLLME

method.
Concentration of metal ions igg EBS;B g; (P:tc)> 50 (g/L) of Cu, 100 (g/L) of Ni,
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457 g
Dispersion time 2.5 min
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Figure 4.6. Effect of different addition style of effervescent powder.

4.2.5. Effect of Physical Form of Effervescent Agent

The extraction performance was compared on two physical form of the effervescent agent,
the powder, and the tablet. It became clear from the results shown in Figure 4.7 that the
powder and the tablet have the same good results, so the choice remains according to the
ease of use and convenience. Therefore, the tablet form was selected for the following
experiments. As for the powder, it is only used at the beginning of the experiments until the
composition, molar ratio, and amount of the effervescent agent are determined. This

experiment was carried out under the conditions listed in Table 4.7.

Table 4.7. Experimental parameters were used to examine effervescent agent formulas for

lead, copper, nickel, and cobalt determination by the EA-DES-DLLME method.
500 (png/L) of Pb, 50 (ug/L) of Cu, 100 (pg/L) of Ni, 100

Concentration of metal ions

(ng/L) of Co
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
DES composition ChCI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457¢g
Dispersion time 2.5 min
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Figure 4.7. Formulation effect of the effervescent agent.

4.3. Evaluation of the Effervescence-Assistance (EA) Performance

In this section, the efficiency of EA was compared with various other dispersion methods,
such as ultrasound-assistance, vortex-assistance, and manual shaking-assistance. In addition,
one of the samples was kept without any dispersion method. These assistance methods were
applied for 2.5 min as effervescence time and all other parameters were kept at the optimal
values. Experimental conditions were listed in Table 4.8. The results showed that the
extraction efficiency of EA and ultrasound-assistance was almost similar and greater than
the vortex-assistance, and manual shaking-assistance. In addition, the extraction efficiency
for the sample without any dispersion assistance was negligible as shown in Figure 4.8.
Therefore, it can be inferred that the performance of EA dispersion was equal to that of
ultrasound-assistance and higher than that of manual shaking-assistance and vortex-
assistance. It can be concluded that among all these dispersion methods examined,
effervescence is the superior dispersion assistance as it does not need external energy.
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Table 4.8. Experimental parameters that are used in efficiency evaluation of the EA as a

dispersion for lead, copper, nickel, and cobalt determination by the EA-DES-

DLLME method.

Concentration of metal ions

Sample volume
Buffer solution volume

Complexing agent concentration

Complexing agent volume
DES composition

DES volume

Aprotic solvent volume

Effervescent agent composition
Effervescent agent amount

Dispersion time

500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,
100 (ug/L) of Co

25 mL

2mL of pH 6

0.1 % (w/v) 8-HQ

750 pL

ChCI: Ph with 1:3 mole ratio
1000 pL

1000 pL of THF

AA:SC with 2:1 mole ratio
0.457 g in the form of 2 tablets
2.5 min

Absorbance
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Figure 4.8. Comparison of EA with other dispersion processes.

4.4. The Effect of Extraction Solvent Properties

The extraction solvent is one of the most important parameters of the DLLME method

generally, and in EA-DES-DLLME especially. As is known, good extraction solvent criteria

are as follows: higher or lower density than that of water, low aqueous phase solubility,

ability to extract the target analyte, and it has the characteristic of easy dispersion in the

aqueous solution during the dispersion process. The kind of DES has a significant effect on
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the extraction efficiency and to achieve the above conditions, the effect of type, molar ratio,

and volume of DES must be studied.

4.4.1. Selection of the DES Type and Mole Ratio

There are a large number of salts used as HBA (hydrogen bond acceptor) as well as HBD
(hydrogen bond donor) that can be used to prepare DESs, so there is no limit to the number
or types of DESs that can be prepared [107]. To choose the suitable DES as an extraction
solvent for the EA-DES-DLLME method, three different types of DES according to
availability, abundance and price of the material were prepared, where ChCI was used as an
HBA, and Ph, U, and OA were used as an HBD with different mole ratio for each type ranged
from 1:1 to 1:5.

It is observed from the results that shown in Figure 4.9 that the optimum molar ratios for
ChClI: U and ChCI: OA compositions were 1:2 and 1:1, respectively and this corresponds
with the information mentioned in the literature reviewed [156,157]. Despite this, the
extraction efficiency when using these two formulations was very poor, in other words, the
extraction process not occurred. According to the expectations, these two formulations have
the ability to be soluble in aqueous samples, for this reason, they were excluded from this
study. As for the composition of the ChCI: Ph, high extraction efficiency was obtained when
it was used in the EA-DES-DLLME method as shown in Figure 4.8. So, the ChClI: Ph was
chosen as an extraction solvent to carry out the remainder of the experiments. This

experiment was completed under the conditions listed in Table 4.9.

Table 4.9. Experimental parameters were used to examine the suitable DES type for the EA-
DES-DLLME method.

Concentration of metal ions 500 (ug/L) of Pb
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
. ChCI: Ph, ChClI: U, ChCI: OA with mole ratio ranged

DES composition . .

from1:1-1:5
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457 g in the form of 2 tablets
Dispersion time 2.5 min
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Figure 4.9. Effect of DES type on the extraction efficiency.

On the other hand, the viscosity of the ChCI-Ph influences the extraction efficiency, where
it is preferable to use DES in general with lower viscosity. According to this fact, the ChCI:
Ph mole ratio was examined as 1:1, 1:2, 1:3, 1:4, 1:5, as viscosity decrease with decreasing
of HBA: HBD mole fraction, or in other words, the viscosity decreases with the increase in
the mol of HBD over HBA.

Figure 4.10 shows the effect of different molar ratios of ChCl: Ph on the extraction
efficiency, as it can be seen that the absorbance values increase with increasing molar ratio
of phenol from 1:1 to 1:3 and then decrease at 1:4 and 1:5 for metal ions studied, and
therefore the 1:3 is considered the best mole ratio of the ChCl: Ph combination. The reason
is that ChCI: Phata ratio of 1:1 and 1:2 is somewhat viscous due to the presence of extensive
hydrogen bonds between ChCI and Ph, which impede the mobility of the metal complex
within the DES. Besides, in the ratio of 1: 4 and 1: 5, the viscosity of ChCI: Ph is very low,
almost close to the viscosity of water, and thus the solubility of ChCI: Ph increases in the
aqueous phase. for this reason, ChCI: Ph with a 1:3 mole ratio was selected as the optimum
composition for the experiments. This investigation was carried out under the conditions
listed in Table 4.10.
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Table 4.10. Experimental parameters were used to investigate the ChCl: Ph mole ratio for
lead, copper, nickel, and cobalt determination by the EA-DES-DLLME

method.

Concentration of metal ions

Sample volume

Buffer solution volume
Complexing agent concentration
Complexing agent volume

DES composition
DES volume

Aprotic solvent volume
Effervescent agent composition
Effervescent agent amount

Dispersion time

500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,
100 (ug/L) of Co

25mL

2mL of pH 6

0.1 % (w/v) 8-HQ

750 pL

ChCI: Phwith 1:1, 1:2, 1:3, 1:4, 1:5 mole ratio
1000 pL

1000 pL of THF

AA:SC with 2:1 mole ratio

0.457 g in the form of 2 tablets

2.5 min

Absorbance

03

0.25

mPb(ll) mCu(l) mNi(ll) mCo(ll)

13
ChCl:Ph mole ratio

Figure 4.10. Effect of ChCI-Ph mole ratio.

4.4.2. VVolume of the DES

After choosing the appropriate DES components, as well as the appropriate molar ratio, now

should investigate the optimal volume of DES and its effect on the extraction efficiency of
the EA-DES-DLLME method. The volume of DES was checked by adding different

volumes ranging from 100 t01500 pL and the results showed that the maximum extraction

efficiency was achieved at 1000 pL for lead, copper, nickel, and cobalt, and then decreased

when DES volumes were greater than 1000 pL, as shown in Figure 4.11. Extraction
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efficiency decreases when the volume of DES is less or greater than 1000 pL. Because, when
the volume is less than 1000 uL, the DES is not enough to extract the metal ions from the
analyte solution. In addition, when the volume is greater than 1000 pL, an increase in the
final volume of the DES phase is obtained, and therefore a larger volume of acidic ethanol
is needed to dilute it. Therefore 1000 pL of DES was selected to be the suitable volume for
the following experiments. This optimization was carried out under the conditions listed in
Table 4.11.

Table 4.11. Experimental parameters were used to check the volume of ChCI-Ph for lead,
copper, nickel, and cobalt determination by the EA-DES-DLLME method.
500 (ug/L) of Pb, 50 (pg/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (ug/L) of Co

Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 pL
DES composition ChCI: Ph with 1:3 mole ratio
DES volume 100 — 1500 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457 g in the form of 2 tablets
Dispersion time 2.5 min

——Pb (Il) --W--Cu(ll)] =sk=Ni(ll) —4=Co(ll)

0.35

0.3

0.25

0.2

Absorbance

0.1

0.05

0 200 400 600 800 1000 1200 1400 1600
Des volume (pL)

Figure 4.11. Effect of DES volume.
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4.5. Effect of the Complexing Agent

For the extraction of metal ions into the organic phase, a non-polar complex must be formed
before the extraction process. For this purpose, a complexing agent should be used. Different
complexing agents that can form complexes with the studied metal ions with the highest
selectivity were tested. Quinalizarin Red, dithizone, diphenyl carbazide, and 8-HQ were
tested complexing agents. As a result of the preliminary experiments, 8HQ was chosen as
the complexing agent, since the highest efficiency was obtained with 8HQ for all metal ions
studied.

8-HQ is widely used for the separation and analysis of metal ions due to its excellent
coordination ability and as well as good metal identification properties, well it can form

complexes with divalent metal ions by the process of metal chelation [150].

The extraction efficiency depends on the amount of analyte that transfers to the DES phase
by complexing with 8-HQ. Therefore, there is a necessity to find a sufficient volume of the
8-HQ as a complexing agent that will collect all the metal ions targeted for the determination
in the analyte solution. The effect of the volume of 8-HQ on EA-DES-DLLME for target
metal ions was investigated in the range of 100 -1500 pL and the results showed that the
signals of these metals were increased with the increase in the volume of 8-HQ up to 750 pL
and then stayed constant, as shown in Figure 4.12. Therefore, 750 uL of 8-HQ was selected
as an ideal volume and applied in subsequent works. These results were achieved under the
conditions listed in Table 4.12.

Table 4.12. Experimental parameters were used to optimize the 8-HQ volume for lead,
copper, nickel, and cobalt determination by the EA-DES-DLLME method.
500 (pg/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

Concentration of metal ions

100 (pg/L) of Co
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 100 — 1500 pL
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL
Aprotic solvent volume 1000 pL of THF
Effervescent agent composition AA:SC with 2:1 mole ratio
Effervescent agent amount 0.457 g in the form of 2 tablets
Dispersion time 2.5 min
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Figure 4.12. Effect of complexing agent 8-HQ volume.

4.6. Effect of THF Volume

In this study, THF was used as an aprotic solvent that had an ability to react with water
molecules more quickly than DES. In other words, there is an inverse relationship between
the THF-H.O and the DES-HO interactions, whereby an increase in the THF-H2O
interaction leads to a decrease in the DES-HO interaction, thus DES is separated from the

aqueous phase and self-aggregation will occur [158].

The final volume of the extracted DES phase varies with the volume of THF that was added
to the analyte solution, so the effect of the THF volume was examined in the range of O -
1500 pL. The results illustrated in Figure 4.13 showed that the extraction efficiency was
almost zero when THF was not added and then began to increase with the increasing of THF
volume until 1000 pL and then decreased with THF volume greater than 1000 L for each
target metal ions. The decrease in the extraction efficiency at lower volumes of THF is due
to, the DES-H20 interaction is predominant and therefore the process of DES separation
from the aqueous phase did not occur completely. In addition, the large volume of THF leads
to an increase in the solubility of the analyte and DES in the aqueous phase. Hence, 1000 pL
of THF volume was selected as the optimal value for the next experiments. These

experiments were performed under the conditions listed in Table 4.13.
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Table 4.13. Experimental parameters were used to select the THF volume for lead, copper,
nickel, and cobalt determination by the EA-DES-DLLME method.

Concentration of metal ions

500 (ug/L) of Pb, 50 (ug/L) of Cu, 100 (ug/L) of Ni,

100 (pg/L) of Co
Sample volume 25 mL
Buffer solution volume 2mL of pH 6
Complexing agent concentration 0.1 % (w/v) 8-HQ
Complexing agent volume 750 L
DES composition ChClI: Ph with 1:3 mole ratio
DES volume 1000 pL

Aprotic solvent volume

0 — 1500 pL of THF

AA:SC with 2:1 mole ratio
0.457 g in the form of 2 tablets
2.5 min

Effervescent agent composition
Effervescent agent amount
Dispersion time

—@—Series1 ++M+-Series?2 =sh=Series3 =—&=_Seriesq

0.3

Absorbance

0 200 400 600 800 1000 1200 1400 1600
THF volume (uL)

Figure 4.13. Effect of THF volume.

4.7. Effect of Interfering lons

Real samples include certain possible ions, some of which cannot be complexed with ligands
such as alkali, alkaline earth elements, and anions, and some have the capacity to associate
with complexing agents at high concentrations such as transition metal ions, resulting in
incorrect measurements at FAAS and lower extraction performance for studied metal ions.
In order to decide the specific selectivity of the EA-DES-DLLME method for the target ions
in the presence of other ions, the influence of the various ions was examined. For this reason,

the EA-DES-DLLME procedure has been applied under optimized conditions (previously
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achieved) by introducing foreign ions at varying concentrations to solutions each containing
250, 50, 100,100 pugL™* for Pb (11), Cu (I1), Ni (11), and Co (11) respectively. Throughout the
EA-DES-DLLME process, the foreign ions concentration was tested up to 2000 times that
of the target analytes. If the foreign ion causes a difference of + 5 % in the recovery value,
that means the ion has an interfering effect. If the added ion did not have an interference
effect when added 2000 times of analyte concentration, it is expressed as > 1:2000 in the
table. The results in the Table 4.14 and 4.15 showed that the EA-DES-DLLME method has
powerful selectivity and that the generally prevalent foreign ions in real samples have no
interference effect on the extraction and determination of examined metal ions. Moreover,
the effect of the matrix on the extraction efficiency was studied using the matrix matched
calibration, details of which will be given in the Section 4.9.3. The obtained matrix effects
in this study were 0.70 % for Pb (l1), -3.76 % for Cu (Il), -2.94 % for Ni (IlI), and -0.50 %
for Co (I1). So, it was confirmed that there was no prominent effect of the sample matrix on
the extraction efficiency of the EA-DES-DLLME method.

Table 4.14. Effect of foreign ions for Pb (I1) and Cu (II) on the EA-DES-DLLME method.

) 24 24]
Interfering  , 4104 2 [Pb™] [Cu
ion, [Int] [Pb]: [Int]  Recovery (%) [Cu]: [Int]  Recovery (%)
Na* NaCl > 1: 2000 96.8+1.2 > 1: 2000 98.3+1.3
K* KCI > 1:2000 98.1+1.1 > 1:2000 96.4+2.2
NH,* NH,.CI > 1: 2000 97.6+1.3 > 1: 2000 99.1+1.3
Cl NaCl >1:2000 99.2+2.0 > 1:2000 97.6+1.8
NOs KNO3 > 1: 2000 97.7+1.8 > 1:2000 95.8+1.7
SCN- KSCN > 1:2000 98.3+1.5 > 1:2000 99.0+2.1
Cd?* CdCl; 1:1000 96.9+1.9 1:500 97.2+1.7
Cu? Cu (NO3)2 1:1000 95.8+2.1 - -
Mn?* MnCl, 1:1000 97.8+1.8 > 1: 2000 975+1.6
Zn% Zn (NOs), 1: 2000 96.3+1.3 1:500 97.1+138
Pb2* Pb (NO3) - ; 1:1000 98.7 1.5
Co? Co (NO3)2 1:1000 98.1+£1.7 1:2000 96.5+£1.3
Ni?* Ni (NO3) 1:1000 97.8+1.7 1:500 959+14
Mg?* Mg (NOx), 1:2000 98.8+17 > 1: 2000 96.2+ 16
Ca?* Ca (NO3), 1:1000  98.7+1.7 1:500 98.5+ 1.5
SO~ NaxSO4 1:2000 96.4+£1.2 1:1000 97.7+£20
CrO> K2CrOgy > 1: 2000 99.2+1.8 > 1: 2000 96.9+1.5
Fe3* Fe (NOs)s 1:500 975+14 1:1000 96.8 £2.2
Cr¥* Cr (NOs)s 1:1000 98.8+1.3 > 1:2000 98.6+1.9
Al AI(NO3);  >1:2000 982+17 1:1000 99.1+1.9
PO* (NH4)3PO4 1:2000 97.4+1.6 1:2000 97.2+14
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Table 4.15. Effect of foreign ions for Ni (I1) and Co (Il) on the EA-DES-DLLME method.

. o >
Interfering 4104 o [Ni*'] [Co*]
ion, [Int] [Ni]: [Int]  Recovery (%) [Co]:[Int]  Recovery (%)
Na* NaCl >1:2000 97.7+1.8 >1:2000 96.8+1.8
K* KCI > 1:2000 98.8+1.7 > 1:2000 97.8+1.7
NH.* NH4CI >1:2000 95821 >1: 2000 96.3+1.3
CI NaCl > 1: 2000 97.6+1.3 > 1: 2000 96.2+1.6
NOs KNOs; > 1: 2000 97416 >1:2000 99.2+1.8
SCN- KSCN > 1: 2000 98.8+1.3 > 1: 2000 98.6+2.1
Cd* CdCl; > 1: 2000 98.7+£1.7 1:1000 96.4+£2.2
Cu® Cu (NO3)2 1:500 96.5+1.2 1:500 96.9+1.9
Mn? MnCl, > 1: 2000 975+1.4 1: 2000 97.6+1.3
zZn?* Zn (NOs), 1:1000 96.4+1.2 1:500 98.1+1.1
Pb2* Pb (NOs), 1:500 08.1+1.1 1:1000 97.7+18
Co?* Co (NO3)2 > 1: 2000 97.8+1.7 - -
Ni2* Ni (NOa) : } 1:1000 99.2 + 2.0
Mg* Mg (NOs), > 1:2000 96.2 + 1.6 1: 2000 96.5+ 15
Ca?* Ca (NOa), 1:500 98.1+ 1.7 1:1000 97.2+17
SO.* Na,SO4 1:1000 99220 1:2000 97516
CrO* K2CrO4 > 1: 2000 99.2+1.8 > 1: 2000 97.6+1.8
Fe3* Fe (NO3)s 1:500 97.8+1.8 1:1000 98.3+1.3
Cr¥* Cr (NO3)s 1:1000 98.2+1.7 1:1000 99.0+2.1
AR Al (NO3); 1:1000 96.3+£1.3 1:500 99.1+£1.3
PO+ (NH4)3PO4 1:2000 96.9+1.9 1:2000 98.3+1.5

4.8. Analytical Performance Characteristics of the EA-DES-DLLME Method

The data of calibration curves, which are generated with standard aqueous solutions were
presented in Table 4.16. The data include the linear concentration ranges, the linear
equations obtained by direct analysis in FAAS, and the correlation coefficient for each lead,

copper, nickel, and cobalt ions.

Table 4.16. Aqueous calibration curves data for Pb (11), Cu (I1), Ni (I1), and Co (II).

Linear .
lon concentration range Linear equation Corrglatlon :
(g L) coefficient, R
Pb (1) 2500 — 50000 A=8x10° C +0.0073 0.9984
Cu (1) 500 — 8000 A=5 x10° C +0.0035 0.9986
Ni (I1) 500 — 8000 A= 4 x10° C + 0.0046 0.9990
Co (11 500 — 8000 A= 4 x10° C +0.0053 0.9992

The data of calibration curves, which are obtained after applying the EA-DES-DLLME
method (after preconcentration) in the optimum conditions for investigated ions were
illustrated in Table 4.17.
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Table 4.17. Calibration curves data after EA-DES-DLLME for Pb (I1), Cu (I1), Ni (I), and

Co (ID).
Linear Correlation
lon concentration range Linear equation . )

(ug L) coefficient, R

Pb (1) 10 — 750 A=0.0005 C +0.0131 0.9992

Cu (1) 2.5-200 A=0.0026 C +0.0387 0.9989

Ni (1) 5-150 A= 0.0023 C +0.0076 0.9994

Co (1) 5-150 A=0.0021 C +0.008 0.9994

The definitions and the calculation methods for the various analytical parameters used to
evaluate the analytical performance of the developed EA-DES-DLLME technique were
illustrated in Table 4.18 and the results of these calculations were presented in detail in Table
4.19.

Table 4.18. Analytical performance criteria and calculation methods for the EA-DES-
DLLME.

Analytical parameters Definition Calculations
It is described as the ratio between the slope
(my) of the calibration curve obtained after
applying the preconcentration method (EA-
Enhancement Factor (EF) DES-DLLME) and the slope (m;) of the EF=mi/m;
calibration curve getting from the aqueous
standards  (without  preconcentration)
method [159].
It is defined as the volume ratio of the
analyte in the final diluted DES phase and in PF=Vsample/VDesphase
the initial solution [160].
It is the lowest concentration level that can
be determined separately from the ground
interference in the introduced method but
cannot be quantitatively determined. It
calculates by the formula 3 S/m where S is LOD =3 S/m
the standard deviation of blank (n=10) and m
is the slope of the calibration curve prepared
with the developed EA-DES-DLLME in
optimum conditions [159].
It is the lowest concentration that can be
determined by the introduced method. It
calculates by the formula 10 S/m where S is
the standard deviation of blank (n=10) and m LOQ=10S/m
is the slope of the calibration curve prepared
with the developed EA-DES-DLLME in
optimum conditions [159].
It is the characteristic of linearity among the
standards used in plotting the calibration It is obtained from the
curve. A more linear calibration curve can be calibration curve
achieved when the R? is closer to 1.

Preconcentration Factor
(PF)

Limit of Detection
(LOD)

Limit of Quantification

(LOQ)

Correlation Coefficient
(R?)
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Table 4.18. (Continued)

Reproducibility
Relative standard deviation is the scale of
accuracy and the convergence of the data
obtained as a result of repeated extraction for
a certain number of consecutive days (n) of
the analyte with a known concentration.
Relative standard deviation is calculated by

dividing the standard deviation of the
g RSD= S/X(Average) X

Relative Standard analysis made at a certain concentration and 100%
Deviation (RSD%) the number of samples by the average of the 0
analysis results and multiplying it by 100.
Repeatability

The convergence of the data obtained as a
result of a certain number of extractions (n)
applied by the same person on the same day
under the same conditions.

Table 4.19. Analytical performance characteristics achieved from the EA-DES-DLLME
method advanced for Pb (1), Cu (I1), Ni (1I), and Co (Il) ions.

Obtained value for metal ions
Analytical parameters

Pb(I)  Cu(ll) Ni (1)  Co (Il

Linear concentration range (ug L?) 10-750 25-200 5-150 5-150
Initial sample volume (mL) 25 25 25 25
Extracted sample volume (uL) 500 500 500 500
The enhancement factor (EF) 62.5 52.0 57.5 525
Preconcentration factor (PF) 50 50 50 50
Limit of detection (LOD) (ug L™?) (n = 10) 2.44 1.29 0.58 1.55
Limit of quantitation (LOQ) (ug L) (n = 10) 8.13 4.30 1.93 5.16
RSD (%) Reproducibility (n=10), 500 ug L* Pb

(11), 50 pg Lt Cu (11), 100 pg L Ni (11), 100 pg 1.07 1.61 1.35 1.97
L1 Co (I1)

RSD (%) Repeatability (n=10), 500 ug L* Pb

(1), 50 pg Lt Cu (I1), 100 pg LT Ni (11), 100 pg 0.94 1.36 1.24 1.75
L1 Co (Il

4.9. Validation of the EA-DES-DLLME

In order to validate the proposed method, three different validation methods were performed:

e Using the certified reference materials (CRM),
e Spiked sample analysis,

e Matrix matched calibration study
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4.9.1. Validation of the EA-DES-DLLME by CRM

In the beginning, the accuracy of the EA-DES-DLLME method was verified by analysis of
CRM, namely NCS ZC73013 for spinach. This CRM was containing 11.10 + 0.90 pg g™ for
lead, 8.90 + 0.40 ug g* for copper, 0.92 + 0.12 pg g for nickel, and 0.22 + 0.03 pg g™ for
cobalt. This experimental procedure was applied using the microwave digestion method
which was described in section 3.6. The results of this study are given in Table 4.20. The
percent recovery values for the CRM experiment are in the range of 97.2 — 98.6 %, so the
recovery values show that the separation/enrichment process of the presented EA-DES-
DLLME method has been applied successfully. Although the CRM used does not have the
same matrix as the textile sample, it is important in proving the applicability of the proposed

method to samples with a complex matrix.

Table 4.20. Analysis results of certified material NCS ZC 73013 (Spinach) for Pb (1), Cu
(11), Ni (1), and Co (1) ions (n = 4).

Certificated value

lon (19 oY) Added (g g?!) Found (ugg?l) Recovery (%)
Pb (I1) 11.10 +0.90 - 10.95 + 0.14 98.6+1.3
Cu (1D 8.90 £ 0.40 - 8.74 £0.25 98.2+2.9
Ni (11) 0.92 +£0.12 - 0.89 +0.01 97.2+1.4
Co (D) 0.22 £0.03 2.5 2.67 £0.07 98.3+2.5

After obtaining the results, it must be compared with the certificate values of the CRM to
understand whether there is a significant difference between them. Therefore, the t-test
(Equation 4.1) was applied to verify this purpose.

pu—X

tcal. = S/n (4.1)

X: Average of analysis results

u: Value of certified reference material

S: Standard deviation of the analysis results

n: Number of analyses performed.

The value of the twnie Was calculated according to the n-1 degree of freedom at the a = 0.05
significance level (95% confidence level). When comparing the results of the tca. values with
the twple Values, that shown in Table 4.21, it is observed that the tca. values smaller than the
tranle Values and that means there is no significant difference in the results. Thus, the results
of the developed EA-DES-DLLME method can be accredited.
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Table 4.21. The results of t-test calculated for the CRM sample for Pb (1), Cu (11), Ni (1),
and Co (Il) ions (n = 4).

CRM type lon teal, ttable Evaluation
Pb (11) 0.53 3.18
NCS ZzC73013 Cu (1) 0.31 3.18 b <t
(SpinaCh) Ni (||) 0.99 3.18 cal. < ltable
Co (1) 0.34 3.18

4.9.2. Determination of the Target Heavy Metals in Real 100% Cotton Textile Samples
(Spiking studies)

Humans are subjected to various chemical compounds that they get from textile materials as
a result of their daily contact with textiles such as garments, bed linen, and related goods.
Also, many of these chemicals including heavy metals used in textiles may pose a risk to
customers' health, so the amount of these materials should be reduced to a minimum as
possible. Therefore, to determine and calculate the Pb (11), Cu (1), Ni (11), and Co (Il) content
in some textile samples and in order to demonstrate the capability of EA-DES-DLLME, the
spiking method was used. For this purpose, 100% cotton textile samples were gathered and
dissolved by the microwave digestion method as described in Section 3.6. The standard
solutions for target metal ions were spiked into the samples at three different concentrations,
and then the EA-DES-DLLME method was applied and repeated three times for each
sample. The recovery values obtained by spiking for the cotton textile sample by the

proposed method were calculated according to Equation 4.2.

C _C. P
Recovery % — measzred initial ><100% (42)
added

C measured: TOtal concentration value of target obtained after adding (ug L)

C initial Concentration of the target in the sample before adding (ug L™)

C added: Concentration of added to the sample (ug L)

The obtained results were illustrated in detail in Table 4.22, which includes the spiking level,
measured concentration, recoveries, and calculated metal content for each metal in each

cotton textile sample.
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Table 4.22. Analysis results for Pb (11), Cu (11), Ni (1), and Co (Il) metal ions, which spiked
by application of the EA-DES-DLLME method for various real cotton textile

samples (n = 3).

Sample Calculated
No. & S?chfrls l\/ilg':]al (A ddlf_?) (FOUS_?) Recovery % metal content
color P Mg Hg (ug o)

0 9.40 -
100 107.20 97.80 +0.81
Pb 250 260.60 100.48 +1.31 0.94+0.09
500 507.40 99.60 + 1.82
2
g Cu Direct aspiration with FAAS 1.27 £ 0.07
<
|-
L
©
D
c 0 10.96 -
= _ 25 35.04 96.35 + 1.63
Ni 50 59.65  97.39+174  1.09%0.06
100 109.22 98.26 +1.28
0 42.14 -
25 66.43 97.14+1.91
Co 50 91.19 98.10 + 2.40 4.21£0.10
100 140.71 98.57 £1.74
0 23.60 -
100 120.80 97.20 £0.93
Pb 250 27000 9856+126 20 *01l
— 500 520.82 99.44 +1.79
=
-QO:
s Cu Direct aspiration with FAAS 22.58 £0.19
=
8
0) 0 45.74 -
=) . 25 70.09 97.39+1.10
f;d Ni 50 94.87 98.26 +1.24 4.56+0.15
r_N’ 100 141.39 95.65 + 1.55
0 32.62 -
25 56.90 97.14£2.04
co 50 8143  9762+099 26%0.13
100 131.19 98.57 + 2.69
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Table 4.22. (continued)

Ssgn%[e Sample  Metal Added Found Recovery % Calculated metal
color picture ion (ug L (ug L Y70 content (Mg g1
0 18.78 -
100 117.40 98.62 +1.04
Pb 250 26680 9921+215 ~ -88%0.14
500 520.20 100.28 +£0.82
E
< Cu Direct aspiration with FAAS 1549+ 0.14
S
g
©
e
X 0 19.65 -
= . 25 44.04 97.57 +£1.13
Ni 50 6378  9826+234 196008
100 117.48  97.83+ 151
0 15.95 -
25 41.19 100.95 +1.89
Co 50 6548 9905+108 L9009
100 113.57 97.62 + 3.06
0 7.20 -
100 104.80 97.60 +£1.39
Pb 250 253.40 98.48 +1.21 0.72+0.15
500 513.60 101.28 £ 2.10
é
< Cu Direct aspiration with FAAS 2.64 +0.06
o
®
>
m
X
g 0 32.70 -
= . 25 58.78 104.35+2.11
= NI 50 8139 9739+119  >26%01l
100 129.65 96.96 + 1.56
0 18.81 -
25 43.10 97.14 +1.90
Co 50 6786 9810+145 188009

100 120.24 101.43+1.12
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Table 4.22. (continued)

Sample

No. & Sample  Metal Added Found Recovery % Calculated metal
color picture ion (Mg L) (Mg L) Y70 content (Mg gh
0 75.20 -
100 176.00  100.80 + 2.63
Pb 250 32940 101.68+105 02+ 024
500 581.20  101.20 +1.19
2
=
<
= Cu Direct aspiration with FAAS 77.35+£0.33
c
=
o
v 0 15.30 ;
5 . 25 40.96  102.61+1.00
S Ni 50 6748 10435+207 1>2*004
- 100 113.13  97.83+1.34
0 23.57 -
25 4776  96.76 +1.19
Co 50 7214 9714+178  234*012
100 12167  98.10+1.04
0 45.40 -
100 147.10  101.70 + 1.51
Pb 250 20780 100.96+143  +92*020
- 500 547.40  100.40 + 2.00
& 0 36.20 -
5 25 61.00  99.20 +2.78
= Cu 50 8676 101.12+132 >00*0.10
o 100 138.12  101.92 +0.62
S 0 41.39 -
o, . 25 65.78  97.57 +2.08
2 NI 50 0009 97.39+149 140D
E 100 138.35  96.97 +1.18
0 55.95 -
25 81.33  101.52+2.99
co 50 105.48  99.05 + 1.83 >58+0.21

100 153.57 97.62+1.53
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Table 4.22. (continued)

Sample Calculated
No. & S?(:r?up:: I\/ilgaal (A ddl_e_?) (FOUC_?) Recovery % metal content
o P ug ug (g o)

0 31.60 i
100 132.80  101.20 + 2.08
B ; ‘ Pb 250 27800 9856+14g o005
Y, 500 521.40  97.96 + 1.24
S * 0 92.20 -
o 25 117.68  101.92+1.75
g Cu 50 141.80 99204200  21*017
< 1 100 193.00  100.80 % 3.12
= | 0 41.39 i
@ . 25 67.04  102.61+1.74
=)
@ * NI 50 9052 9826+191  +12*0.24
£ 100 13748  96.09 + 1.4
3 * 0 17.86 i
= 25 4248  98.48 + 1.67
|—
i Co 50 6833 10095+252  L/8*0l1
100 11929  101.43 +2.17
0 BDL" i
100 10140  99.60 + 1.84 )
Pb nd
250 24820  98.56 + 1.67
500 500.94  99.83 + 1.48
- 0 15.40 i
8 25 30.06  98.24 + 1.63
5 C 1.54 + 0.05
< u 50 64.80  98.80 % 1.83
5 100 116.44  101.04 + 2.36
o 0 6.61 i
I 25 3097 97.43+1.71
= Ni 66 +0.02
< ' 50 5574 ogo7+129 0600
= 100 10443  97.83+1.54
0 6.43 i
25 3095  98.10 +1.27
C 0.64 + 0.04
0 50 5505  99.05 + 2.83
100 106.90  100.48 + 2.42

*BDL.: Below the detection limit; nd: Not detected
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Table 4.22. (continued)

SI\Ia(r)n%e Sample Metal Added Found Recovery % Calculated metal
collor picture ion (g LY (ug L y7o content (ug g})
0 11.20 -
100 11080  99.60 + 1.54
Pb 250 25760 9856+190 12 *0ll
> 500 503.00 98.36 +1.84
S 0 115.80 -
- 25 141.00  100.80 % 1.97
g cu 50 16500 98.40+153  —1°0*0.15
3 100 21360  97.80+ 161
3 0 50.09 -
~ . 25 7548 10157+ 1.07
> Ni 50 99.04 9791216  >00*0N
= 100 14696  96.87 +1.22
= 0 26.90 -
25 5119  97.14+1.46
Co 50 7619  9857+237  209%012
100 12595  99.05+ 1.24
0 2.60 -
100 10240  99.80% 1.34
P 250 25000 9896173  026*010
z 500 503.60  100.20 + 2.43
5 0 76.60 -
& 25 101.00  97.60+1.69
5 cu 50 12700 10080+206 ' o0*Ol
< 100 17540  98.80+ 1.25
= 0 9.22 -
= . 25 3465 10174+ 161
2 Ni 50 5878  0913+139  092*012
< 100 107.04  97.83+ 154
s 0 11.19 -
25 3571  98.10+2.32
Co 50 6167 10095+144 12*014
100 11262 101.43+1.30

According to the results obtained after microwave digestion and EA-DES-DLLME

application for cotton textile samples which presented in Table 4.22, copper has the highest

concentration values, followed by lead, nickel, and cobalt.
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The concentrations of Pb (I1), Cu (1I), Ni (II), and Co (Il) in cotton textile samples were
found to be in the range of 0.26 — 7.52, 1.27 — 77.35, 0.66 — 5.00, and 0.64 — 5.58 g g2,
respectively. Comparing the results of the metal content values in the samples with the limit
values provided by Oeko - Tex (Table 4.23), it was found that the lead has a high content in
most samples. The highest lead values were found to be 2.36, 1.88, 7.52, 4.52, and 3.16 jg
g for Ty, Ts, Ts, Te, and T7 samples respectively. The highest copper value was found in Ts
as 77.35 ug g*. In addition, since the amount of copper in the solutions prepared by
microwave digestion of 0.5 g of textile sample was at a level that does not require the
preconcentration step, the amount of copper in Ty, T2, T3, T4, and Ts samples was determined
directly with FAAS. As for nickel and cobalt, there was a slight difference in the metal
content compared with the limit values for T which were 5.00 ug g for nickel, and Ts was

5.58 g g* for cobalt.

Table 4.23. Limit values for Pb (1), Cu (11), Ni (1I), and Co (Il) metals given by Oeko-Tex
(mg kg™ textile).

With skin Without skin Decoration
Heavy metals Baby wear )
contact contact materials
Lead (Pb) 0.2 1.0 1.0 1.0
Copper (Cu) 25.0 50.0 50.0 50.0
Nickel (Ni) 1.0 4.0 4.0 4.0
Cobalt (Co) 1.0 4.0 4.0 4.0

The results of Tg and T1o samples (as cotton flannel for neonate) were found to be within the
permissible limits of Oeko - Tex criteria that revealed minimum values for babies. On the
other hand, the results of the target trace metal concentrations obtained by EA-DES-DLLME
were compared to the values found in other literature, it was discovered to be slightly higher
as shown in Table 4.24. Therefore, samples of textile products in stores and local markets

must be evaluated regularly for trace metal followability.

Table 4.24. Literature values of Pb (11), Cu (1), Ni (1), and Co (11) metal content (as pg g%)
in cotton textile samples.
lon Study [161] Study [162] Study [35] Study [36] Study[37] This study

Pb (1) 0.18-6.00 0.28-0.30 - 1.23-1.83 0.26 - 7.52
Cu (1) 0.28-0.84 0.26-0.78 0.76 — 341 1.96-4.40 0.008-193.9 1.27-77.35

Ni (11) 0.24 -1.52 0.20-0.70 1.20 - 4.69 - 1.15-2.55 0.66 —5.00
Co (1) 0.04 —0.96 - - 0.16 —1.81 0.64 —5.58
-1 not examined
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The quantitative recovery values after implementing the spiking process by the EA-DES-
DLLME method were in the range of 97.20 - 101.70 % for Pb (1), 97.60 - 101.92 % for Cu
(1), 95.65 - 104.35 % for Ni (I), and 96.76 - 101.52 % for Co (II), and their standard
deviation values ranged of 0.81 - 2.63 for Pb (Il), 0.62 - 3.12 for Cu (Il), 1.00 - 2.34 for Ni
(11), and 0.99 - 3.06 for Co (Il), as shown above in Table 4.22. These results show that the
proposed EA-DES-DLLME method can be applied accurately and reliably commute for

trace heavy metals determination in textile samples.

4.9.3. Matrix Effect

Another way to obtain more reliable results for the EA-DES-DLLME method is to calculate
the matrix effect factor (ME), which is used to evaluate the effect of other compounds present
with the target metal ions in real sample solutions. The matrix effect was examined by
comparing the calibration slopes in the matrix (matrix-match calibration, MC) and in the
solvent (solvent-based calibration, SC). The MC can be obtained by adding known quantities
of the standard analyte solution to the real samples and then extracting by the recommended
method (EA-DES-DLLME) as in the spiking process. The SC is the calibration based on
standard solutions using the EA-DES-DLLME method. The ME can be calculated according
to Equation 4.3.

ME % = “ME&25€100% (4.3)

N

ME: Matrix effect factor
Mwc: The slope of matrix-matched calibration
Msc: The slope of solvent-based calibration

When the slope of the MC is greater than the slope of the SC (ME > 0) it can be concluded
that the matrix has a signal enhancement, while signal suppression occurs when the slope of
the MC is smaller than that of the SC (ME < 0). There is no matrix effect if the slope of MC
equals the slope of SC (ME = 0).

The MCs have been established for targeted metal ions with 10 cotton textile samples, and

then compared with SC for each metal ion. The results obtained were shown in Table 4.25.
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Table 4.25. Comparison of matrix-matched calibration data with solvent-based calibration
data for Pb (11), Cu (11), Ni (I1), and Co (I1).

lon _ Parameters _
SC Equation MC Equation* ME %
A =5x10*C + 0.01314 A =5.035x10* C + 0.02335
Pb (1) R? = 0.9992 R? = 0.9996 0.70
cu (1) A =2.60x10°C + 0.03872 A =2.502x103C +0.17217 376
R?=0.9989 R?=0.9999 ’
Ni (11) A =2.30x10°C + 0.00756 A =2.232x103C + 0.12855 294
R? =0.9994 R? =0.9997 '
Co (1) A =2.10x10°C + 0.00796 A =2.09x10°C + 0.06403 05
R? =0.9994 R? =0.9999 '
*(n=10)

As a result, the obtained matrix effects were 0.70 % for Pb (11), -3.76 % for Cu (11), -2.94 %
for Ni (1), and -0.50 % for Co (ll), and these results are considered acceptable when
compared with the interference limit value £5 %. So, it was confirmed that there was no
significant effect of the sample matrix on the extraction efficiency of the EA-DES-DLLME
method.

4.10. Comparison of the EA-DES-DLLME Method with Other Literature Methods

Performance characteristics of the proposed EA-DES-DLLME method for Pb (1), Cu (11),
Ni (11, and Co (II) preconcentration were compared with other microextraction methods by
various detection techniques. Several parameters were used to compare the EA-DES-
DLLME results, including overall extraction time, LOD, EF or PF, LR, and RSD%.
Furthermore, other comparative data such as the extraction solvent type, disperser type, and

the extraction instruments were also compared as shown in Tables 4.26-4.29.
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Table 4.26. Comparison of the proposed EA-DES-DLLME method for Pb (1) preconcentration with other techniques in literatures.

. . . Total Linear
Matrix 'g;z%t'fjil Detection Extraction solvent Dlipezser EXttr:glt on extraction range (LOLD_ 1) EF PF R()?D Ref.
q yp time (min) (ugL?) ‘M9 0
Oilfield-
produced /A b1 ME IcP-oEs  Carbon tetrachloride Methanol Vortex & 14 05-250 015 20 - 185 [163]
water (CCly) centrifugation
samples
Spring and TBAB based ) Tetrabutylammoniums i ) ) )
well water ABS ICP-OES bromide, TBAB >16 1-160 0.2 150 1.8 [164]
Water, tea . .
andhuman  SHS-LPME  GFAAS pr°t°b”ated t”e‘hy'amc'”e ; V°.rftex & 5 0.04-2 0016 49 - 42  [165]
hair samples carbonate (P-TEA-C) centrifugation
Lipsticksand — \1ap | ME  GFAAS 1-undecanol acetone Centrifugation 10 0350 01 9% - 83 [L66]
hair dyes & ice bath
Real water Carbon tetrachloride . . 0.15-
samples DLLME HPLC (CCla) Methanol Centrifugation 5 100 0.054 311 - 52 [167]
Urine . Carbon tetrachloride . . 0.01-
samples DLLME UV-Vis (CCla) Methanol Centrifugation <5 100 0.0036 - 50 9.1 [168]
1-butyl-3-
Evemakeup  gp) NDuE  ETAAS methylimidazolium . - <5 1020 0126 50 - <42 [169]
products hexafluorophosphate
[C4mim] [PF6]
1-hexyl-3- syringe air-
Artificial TIL-DuE— methylimidazolium : Centrifugation _ ) )
sweat ISAVS FAAS hexafluorophosphate ves?é;ls(al Ss??tem for two times 15 10-50 0.09 86 34 [170]
[HMIM] [PF6]
Milk samples Vﬁ,ﬁ?’ SAQ,IS DES - Vortex ~5 50-1000 8.7 48 - 31 [171]
polyethyleneglycol
Serum Um-CPE FAAS tertoctylphenylethe Ultrasound UItra_sound_& ~20 1.5-200 0.450 30 - 412 [172]
samples (Triton X-114) Centrifugation
Black tea Co-MP- SQT- Manual 25.0-
samples DSPME FAAS - shaking - - 500 778 643 - 42 (179
100 % cotton EA-DES- No extraction This
textile DLLME FAAS DES Effervescence instrument 5 10-750 244 62.5 50 1.07 study
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Table 4.27. Comparison of the proposed EA-DES-DLLME method for Cu (I1) preconcentration with other techniques in literatures.

. . Total Linear
Matrix ';r;ﬁgit'ﬁl Detection Extraction solvent Disperser type Ext{:ct):ltlon extraction  range (LOE_ 1) EF PF R;D Ref.
q time (min) (ugL?) ‘MY 0
Food .
&environmental  D-LME- ICP-MS Carbon tetrachloride . Ultrasound 6 00220 0017 81 - 26 [174]
MSPE CCl,
water
Sediment Vortex &
samples DES-EM ICP-OES DES - centrifugation 4h - 1.2 - - 75 [175]
Real water ) | g HPLC Carbon tetrachloride — \rerpanol  Centrifugation 3 02-100 00483 327 - 49 [167]
samples CCl,
R:;r'n‘ggfr UA-CPE UV-Vis Triton X-114 - Ultrasound 20 00500 07 17 - 29 [176]
Tapwaterand gy, GFAAS Decane - Stirrer 10 01-1.3 0025 452 - 677 [177]
seawater
Water & fruit  In situ-CO2 1122 0.015-
juice samples DLLME GFAAS tetrachloroethane Produced CO, centrifugation 5 025 0.006 150 - 23 [178]
C,H:Cl,
DLLME- Ultrasound &
Water samples SOT FAAS Chloroform CHCI; 2-propanol Centrifugation 25 2.0-100 0.7 79 - 3.7 [9]
RP-SHS- Vortex,
Oil samples LLME FAAS Triethylamine (TEA) - ultrasound & 6 23-1000 6.9 - 22.7 47  [179]
centrifugation
Wastae;q‘;‘lef;"’d DLLME FAAS Chloroform CHCl; Acetone Centrifugation 5 30-120 06 49 50 15 [16]
sail,
multivitamin Dimethylformamide . .
tablet, tea IP-DLLME FAAS Chloroform CHCl; (DMF) Centrifugation 15 6.0-100 3.7 10 - 19 [180]
&water samples
Rice, lettuce & AALLME Imagecolor_lmetrlc Carbon tetrachloride Alrbubblgs by Centrifugation 7 5.0-500 15 ) . 453 [181]
water samples analysis CCl, glass syringe
100 % cotton EA-DES- No extraction This
textile DLLME FAAS DES Effervescence instrument 5 2.5-200 1.29 52 50 161 study
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Table 4.28. Comparison of the proposed EA-DES-DLLME method for Ni (I1) preconcentration with other techniques in literatures.

Total

Linear

LOD

Matrix szlr}:it'iael Detection Extraction solvent Disperser type Extraction tool extraction range (Mg L EF PF ROED Ref.
q time (min)  (ugL?Y) D 0
saFr:;fes USAEME ICP-OES Carbon tetrachloride (CCl4) - Ultrasound 8 0.2-250 0.03 85 - 3.30 [182]
Seafood DLLME ICP-OES Trichlorethylene C2HCls Ethanol Centrifugation 3 01%?) 0.12 20 - <3.6 [183]
Water & .
o In situ-CO2 1,1,2,2-tetrachloroethane . . 0.02- )
fruit juice DLLME GFAAS CoHaCla Produced CO2 Centrifugation 5 02 0.012 139 450 [178]
samples
Marine — SApLIME ~ UV-vis  Dichloromethane CH:Cl: - Ultrasound & 12 01-100 0031 119 - -  [184]
brown algae centrifugation
sa\n/qvﬁt;sr& Carbon tetrachloride CCls & Ultrasound &
ples USAEME UV-Vis chloroform CHCIs (1:2 - - - 22 2.0-120 0.13 - 200 170 [185]
synthetic centrifugation
VIV %)
samples
Water &
fruit juice DLLME FAAS DES Methanol Centrifugation 8 0.8-50 0.30 24 - 4.10 [25]
samples
Vegetable ) Tetrabutyl phosphonium . . ! )
oil samples IL-DLLME FAAS phosphate [TBP] [PO4] Chloroform CHCIs  Centrifugation 20 1.0-200 0.77 63 3.20 [186]
Chamomile
SQT- Vortex & 0.025-
tea, & coffee DLLME FAAS Chloroform CHCI3 Isopropyl alcohol centrifugation 4 02 0.0049 664 - 8.10 [12]
samples
Vortex
Water pH-MS- . . N 10.0-
samples HLPME FAAS Caprylic acid - centrlf_ugatlon & 4 450 3.2 45 - 2.00 [187]
refrigerator
L . The pressure
1-butyl-3-methylimidazolium
Chocolate PV-IS- FAAS hexafluorophosphate generated by the Centrifugation 11 6.7-100 2.0 17 - 480  [13]
samples DLLME movement of the
[CaMIM][PFe]
plunger
Milk-based Ultrasound,
samoles UA-CPE FAAS Triton X-114 - centrifugation & 30 3.0-180 0.78 486 50 3.60 [188]
P refrigerator
100 % EA-DES- No extraction This
cotton textile DLLME FAAS DES Effervescence instrument 5 5.0-150 0.58 575 50 1.35 study
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Table 4.29. Comparison of the proposed EA-DES-DLLME method for Co (I1) preconcentration with other techniques in literatures.

Total

Linear

Matrix f;r;zlzit'fﬂ Detection Extraction solvent Dlstpeléser Extraction tool extraction range ( LOI?l) EF PF R‘;D Ref.
q yp time (min)  (ugL?) M9 0
Rice samples ~ USAEME ~ ICP-OES Carbo”((tfgac)hm”de - Ultrasound 8 03-300 004 8 - 380 [182]
Real water . _— Ultrasound & 1.0-
samples USAEME ICP-OES Carbon tetrachloride (CCl4) Sonication centrifugation 11 1000 0.28 19 - 5.08  [189]
Water & fruit In situ-CO2 1,1,2,2-tetrachloroethane . .
juice samples DLLME GFAAS CoHaCla Produced CO2  Centrifugation 5 0.02-0.3  0.008 148 - 460 [178]
trinexyl(tetradecyl)
. - Ultrasound,
Natural water  IL-UA- Lcuy  Phosphoniumbis[(2.4.4- . centrifugation & 66 02-750 003 - 210 500 [190]
samples DLLME-SAP trimethyl) pentyl] freezer
phosphinate (Cyphos IL 104)
. The pressure
PV-1S- Digital generated by 3.27-
Food samples DLLME image Trichloroethylene C2HCI3 the movement Centrifugation 6 100 0.08 65 - 460 [191]
colorimetry
of the plunger
Tobacco & N,N dimethyl-n-octylamine Vortex &
food samples SS-LPME FAAS bicarbonate ) centrifugation 11 ) 3.2 40 ) ) [192]
Environmental USA-FF- —
Samples DLPME FAAS DES Sonication Ultrasound 4 2.0-100 0.7 - 50 2.60  [193]
Ultrasound
Vegetable & UA-IPSE- ) P ; . 10.0- )
herb samples DLLME FAAS 1-dodecanol Sonication centrig:%zttlr(])n & 6 400 24 48 3.80 [194]
Water samples  DES-DLLME FAAS DES Methanol Centrifugation 5 5.0-100 1.7 - 40 2.00 [195]
Milk-based Ultrasound,
samoles UA-CPE FAAS Triton X-114 - centrifugation & 30 2.0-160 0.56 539 50 3.80 [188]
P refrigerator
Tea and DES- Vortex,
pharmaceutical MS-FAAS DES - ultrasound 17 0.25-2.0 1.1 - 15 7.10 [196]
UALPME - .
supplement &centrifugation
100 % cotton EA-DES- No extraction This
textile DLLME FAAS DES Effervescence instrument 5 5.0-150 1.55 525 50 1.97 study
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As shown in Table 4.26, it was noticed that the proposed method for preconcentration of
lead was better or similar in terms of results to EF, LOD, LR, and repeatability when
compared with other methods using FAAS [170-173], except for the TIL-DUE-ISAVS
method [170] which looks better as it has low LOD and high EF but it has some
disadvantages, including narrow LR, the use of an external extraction tool, and a longer
extraction time than the proposed method. The other detection procedures using ICP
[163,164], GFFAS [165,166], HPLC [167], UV-Vis [168], and ETAAS [169] for lead
determination have lower LOD values than the proposed method. Nevertheless, the proposed
method was better in term of EF than the methods [163,165,169] and it was better than some
methods in one term or more together such as, using a toxic extraction solvent
[163,164,167,168], using disperser solvent [163,166-168], external extraction equipment
[163,165-168], and long time to extraction [163,164,166].

The comparison of the proposed method for copper preconcentration was presented in table
4.27. The proposed method looks better than most other methods in different aspects of
analytical properties. Some of these methods use a chlorinated organic solvent
[167,174,178,181], some have a long extraction time [175,176], and some of them have a
low enhancement factor value [176,177]. As for the FAAS methods, the EA-DES-DLLME
method was better than [16,179] in terms of enhancement or preconcentration factor values
and better than [179,180] in terms of LOD. In addition, several methods in the table were
used for toxic extraction solvents [9,16,179,180].

On the other hand, Table 4.28 illustrated the comparison of analytical characteristics for
nickel preconcentration by the proposed method with other methods. The other methods that
used FAAS as a detection instrument have several disadvantages, for example, the methods
[13,187,188] have higher LOD and lower EF values than the proposed method, and [12,187]
were used disperser solvents or chlorinated solvent as [186]. Although the DLLME method
[25] uses DES as an extraction solvent it has a lower EF value and uses a dispersed solvent
compared to the proposed method. Also, Table 4.28 includes the detection methods other
than FAAS such as ICP, GFAAS, and UV-Vis which have a lower LOD than the provided
method however all of them are used for chlorinated solvents [178,182-185] and have lower
EF value and used for disperser solvent [183] or some of them used extraction instruments

and required a long time to end the extraction processes [184,185].
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The proposed study for cobalt determination was similar or even better than the other
methods that used FAAS as detection in some terms such as, EF or PF values [188,192—
196], LOD values [192,194,195], extraction time [188,196], external extraction instruments
[188,192-194,196] , and using disperser solvent [195] as shown in table 4.29. The methods
that use different detection tools (ICP, GFAAS, LC-UV, digital image colorimetry)
compared to the proposed method have some advantages and disadvantages in analytical
features. For example, the methods [178,182,191] have good features such as low LOD and
high EF values but also have disadvantages as used toxic extraction solvents and needed to
an extraction tool. As well, the method LC-UV required a long extraction time [190] and
ICP-OES have a lower EF value [189] than the proposed method.

As aresult, in this study, DES was used as a green extraction solvent with an environmentally
friendly effervescent tablet as a dispersion without the need for any extraction device such
as vortex, ultrasound, or even a centrifuge to separate the DES phase from the aqueous phase.
For this reason, the proposed EA-DES-DLLME technique is superior and preferable to most
of the reported techniques presented in Tables 4.26, 4.27, 4.28, and 4.29.
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5. CONCLUSIONS

In the present dissertation, the EA-DES-DLLME technique (effervescence-assisted

dispersive liquid-liquid microextraction) with the aiding of deep eutectic solvents was

evolved for preconcentration and determination of four heavy metals is lead, copper, nickel,

and cobalt in cotton textile samples by employing micro-sampling flame atomic absorption

spectrometry. The EA-DES-DLLME procedure offered the following merits:

Dispersive liquid-liquid microextraction is a technique that is well known and widely
used in many fields because of its major characteristics such as simplicity, low cost, ease
of process development, and most significantly of this, its need for very limited amounts
of extraction solvent (at the microliter level), which makes it harmless to human health
and the surrounding environment.

Since the final extracted sample volumes are at the microliter level, measuring them
directly using flame atomic absorption instrument is difficult. As a result, the
microsampling technique allowed the simple and rapid introduction of small quantities
of samples into the flame atomic absorption instrument, resulting in high extraction
performance.

Deep eutectic solvents are one of the greener alternatives that used as an extraction
solvent. A clear solution of DES which used in the proposed method (EA-DES-DLLME)
was synthesized by simply mixing of choline chloride and phenol within 5 minutes.
When comparing DESs with the conventional organic solvents used in the extraction
processes, the DES is distinguished by: easy storage, long expiration, low cost, easy to
obtain, non-volatility, low toxicity so it is considered safer on the environment.

The effervescence agent played an important role in the proposed method because it
provided a green force (environmentally friendly) that contributed to dispersing the
extraction solvent in the aqueous sample and transferring the target analytes
homogeneously. This process is done by producing carbon dioxide as bubbles in the
sample solution as a result of the reaction of a mixture of ascorbic acid (as a proton
donor) with sodium carbonate (as a carbon dioxide source) that has been added to the
sample solution as a tablet or powder. Furthermore, after the effervescence reaction is
finished which takes just 2.5 minutes, the DES phase is separated from the aqueous

phase spontaneously, so there is no need to use a centrifuge. Finally, effervescence
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assistance is a simple, efficient, and energy-free alternative to other well-known
assistance approaches such as ultrasound or vortex.

e The EA-DLLME method was distinguished by good selectivity to determine each of
lead, copper, nickel, and cobalt in cotton textile samples through the absence of matrix
effect or foreign ions interference, which is attributed to the high sensitivity of the
complexing agent (8-HQ) for the target metal ions.

e Theuse of THF as aprotic solvent contributed to increasing the efficiency of this method,
as it has the capacity to separate DESs from the aqueous phase through its interaction

with water molecules, which is faster than the interaction of DES.

To achieve the best performance of the proposed method, we attempted to examine all of the
factors that could influence the extraction efficiency of lead, copper, nickel, and cobalt,

considering the selection of the most effective and suitable one.

Initially, the pH effect was improved because it is considered the basic parameter that has
an influence on the complex formation between the metal ion and the complexing agent. The
pH of metal ions solutions was examined in the range of 3-10 and the pH 6 was chosen to

be the suitable value.

The effervescence formation is an important parameter in EA-DES-DLLME whose
properties should be investigated, and among these properties is to select the appropriate
type and ratio of the effervescent agent that achieves high extraction efficiency. For this
reason, six different types of effervescent agents have been prepared by mixing different
proton donors and carbon dioxide sources and as a result, the ascorbic acid and sodium
carbonate combination with a 0.002:0.001 mole ratio that has a convenient effervescence
time (2.5 min) was selected as the best effervescent agent for the studied metal ions
determination. Also, the amount of the selected effervescent agent was examined in the range
of 0.228 - 0.914 g, and it was noticed that the extraction efficiency reaches a pinnacle when
0.457 g of the effervescent agent is added. As for the formulation of the effervescent agent,
there is no difference in the extraction efficiency results when it is used as a powder or as a
tablet, so the selection occurred on the tablet for ease of use in experiments.

The type, molar ratio and volume of DES as an extraction solvent were also optimized to
obtain a good performance for proposed method. Three kind of DESs ChCI: Ph, ChCI: U,
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and ChCI: OA were examined and the result showed that the ChCI: Ph was the best in terms
of the efficiency of extraction. After completing the selection of the DES composition that
will be applied in EA-DES-DLLME, a molar ratio test was performed for it, and the results
indicated that 1: 3 was the optimal ratio among five different molar ratios of ChCI: Ph.
Finally, to verify the sufficient volume of ChCI: Ph for the extraction process, various
volumes of ChCl: Ph ranging from 100 to 1500 uL were added, and the maximum extraction

efficiency was observed at 1000 uL for each of lead, copper, nickel, and cobalt.

Moreover, the volume of complexing agent (8-HQ) and THF was improved by adding
different volumes of them ranging from (100-1500 pL) for 8-HQ and (0-1500 pL) for THF.
Therefore, 750 uL of 8-HQ and 1000 pL of THF were selected as appropriate volumes that

contributed to the amelioration of extraction efficiency.

The optimal conditions investigated to develop the EA-DES-DLLME method which applied
for determination and preconcentration of targeted metal ions are listed in Table 5.1.

Table 5.1. The optimum condition values of the developed EA-DES-DLLME method for Pb
(1), Cu (1), Ni (11), and Co (1) determination.

Optimum values for Pb (11), Cu (1),

Parameters Ni (11), and Co (11)
Sample volume (mL) 25
Extracted phase volume (mL) 0.5
pH 6
Buffer solution volume (mL) 2
Effervescent agent composition AA:SC
Effervescent agent molar ratio 2:1
Effervescence time (min) 25
Effervescent agent amount (g) 0.457
Effervescent agent form tablet
DES composition ChCI: Ph
DES molar ratio 1:3
DES volume (uL) 1000
8-HQ volume (uL) 750
THF volume (uL) 1000

The EF, LOD, and LOQ that achieved from applying the EA-DES-DLLME method at
optimum conditions were listed in Table 5.2.
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Table 5.2. Some analytical performance of the EA-DES-DLLME method at optimum
conditions for Pb (1I), Cu (1), Ni (11), and Co (II).

Analytical performance

Metal ions EF LOD (ugL?)  LOQ (ugL?Y RSD %
Pb (1) 62.5 2.44 8.13 1.07
Cu (1) 52 1.29 4.30 1.61
Ni (11) 57.5 0.58 1.93 1.35
Co (1) 52.5 1.55 5.16 1.97

The validation of the proposed method was checked in three ways: (i) applying the
developed method on certified reference material (NCS ZC73013 spinach), (ii) applying the
spiking procedure on the various 100 % cotton textile samples, and (iii) studying the sample

matrix effect by matrix matched calibration.

As a result of the 4 replicates analysis for certified reference material, the recovery values
were calculated as 98.6% = 1.3 for Pb (lI), 98.2% + 2.9 for Cu (I1), 97.2% = 1.4 for Ni (11),
and 98.3% + 2.5 for Co (Il). The spiking procedure was applied for determination of target
heavy metal ions in different 100 % cotton textile samples. The recoveries that obtained were
in the range of 97.20 - 101.70 % for Pb (I1), 97.60 - 101.92 % for Cu (Il), 95.65 - 104.35 %
for Ni (1), and 96,76 - 101.52 % for Co (I1). On the other hand, the sample matrix effect was
studied and the results were as follows: 0.70 % for Pb (1), -3.76 % for Cu (1), -2.94 % for
Ni (I1), and -0.50 % for Co (Il). The recoveries and matrix effect results show that the EA-
DES-DLLME method can be applied accurately and reliably commute for trace heavy

metals determination in textile samples.

Finally, the analytical characteristics of the proposed method were compared with several
different reported methods. As a result, it can be concluded that the proposed EA-DES-
DLLME method has several distinct characteristics that make it preferable than others, such
as environmentally friendly, don't have any need to use a dispersion solvent or even an
external tool and energy to complete the extraction, has a short time to the extraction process,
and have a good LOD, EF values.

Therefore, in general terms, it can be said that the EA-DES-DLLME method was sensitive,
repeatable, inexpensive, rapid, and easy to apply for preconcentration and determination of

lead, copper, nickel, and cobalt traces in cotton textile samples.

110



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

B. Sarker, M.A. Baten, M.E.-U. Haque, A. Das, A. Hossain, M.Z. Hasan, Heavy
Metals’ Concentration in Textile and Garments Industries” Wastewater of Bhaluka
Industrial Area, Mymensingh, Bangladesh, Curr. World Environ. 10 (2015) 61-66.
https://doi.org/10.12944/cwe.10.1.07.

P. Apostoli, Elements in environmental and occupational medicine, J. Chromatogr.
B. 778 (2002) 63-97. https://doi.org/https://doi.org/10.1016/S0378-4347(01)00442-
X.

M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew, K.N. Beeregowda, Toxicity,
mechanism and health effects of some heavy metals, Interdiscip. Toxicol. 7 (2014)
60-72. https://doi.org/10.2478/intox-2014-0009.

M.1. Szynkowska, T. Paryjczak, S. Sypniewski, Changes in hazardous substances in
cotton after mechanical and chemical treatments of textiles, Fibres Text. East. Eur. 12
(2004) 46.

C. Tonetti, R. Innocenti, Determination of heavy metals in textile materials by atomic
absorption spectrometry: Verification of the test method, Autex Res. J. 9 (2009) 66—
70.

Standard : STANDARD 100 by OEKO - TEX ® Appendix / Anhang 4 Standard :
STANDARD 100 by OEKO - TEX ® Limit values and fastness , part 2 / Grenzwerte
und Echtheiten , Teil 2, 1 (2017) 1-9.

Y. Safari, M. Karimaei, K. Sharafi, H. Arfaeinia, M. Moradi, N. Fattahi, Persistent
sample circulation microextraction combined with graphite furnace atomic absorption
spectroscopy for trace determination of heavy metals in fish species marketed in
Kermanshah, Iran, and human health risk assessment, J. Sci. Food Agric. 98 (2018)
2915-2924.

M. Falahnejad, H.Z. Mousavi, H. Shirkhanloo, A.M. Rashidi, Preconcentration and
separation of ultra-trace amounts of lead using ultrasound-assisted cloud point-micro
solid phase extraction based on amine functionalized silica aerogel nanoadsorbent,
Microchem. J. 125 (2016) 236-241.

G. Ozzeybek, S. Erarpat, D.S. Chormey, M. Firat, C. Biiyiikpinar, F. Turak, S.
Bakirdere, Sensitive determination of copper in water samples using dispersive
liquid-liquid  microextraction-slotted quartz tube-flame atomic absorption
spectrometry, Microchem. J. 132 (2017) 406-410.
https://doi.org/10.1016/j.microc.2017.02.031.

S. Seidi, L. Alavi, Novel and Rapid Deep Eutectic Solvent (DES) Homogeneous
Liquid-Liquid Microextraction (HLLME) with Flame Atomic Absorption
Spectrometry (FAAS) Detection for the Determination of Copper in Vegetables,

111



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Anal. Lett. 52 (2019) 2092-2106. https://doi.org/10.1080/00032719.2019.1598425.

R. Kohli, Applications of ionic liquids in removal of surface contaminants, in: Dev.
Surf. Contam. Clean. Appl. Clean. Tech., Elsevier, 2019: pp. 619-680.

M. Saylan, B.T. Zaman, E. Giilhan Bakirdere, S. Bakirdere, Determination of trace
nickel in chamomile tea and coffee samples by slotted quartz tube-flame atomic
absorption spectrometry after preconcentration with dispersive liquid-liquid
microextraction method using a Schiff base ligand, J. Food Compos. Anal. 88 (2020)
8-12. https://doi.org/10.1016/j.jfca.2020.103454.

J.A. Barreto, R. dos Santos de Assis, R.J. Cassella, V.A. Lemos, A novel strategy
based on in-syringe dispersive liquid-liquid microextraction for the determination of
nickel in chocolate samples, Talanta. 193 (2019) 23-28.
https://doi.org/10.1016/j.talanta.2018.09.082.

P. Chaiyamate, K. Seebunrueng, S. Srijaranai, VVortex-assisted low density solvent
and surfactant based dispersive liquid-liquid microextraction for sensitive
spectrophotometric determination of cobalt, RSC Adv. 8 (2018) 7243-7251.

Z. Tekin, T. Unutkan, F. Erulas, E.G. Bakirdere, S. Bakirdere, A green, accurate and
sensitive analytical method based on vortex assisted deep eutectic solvent-liquid
phase microextraction for the determination of cobalt by slotted quartz tube flame
atomic absorption spectrometry, Food Chem. 310 (2020) 125825.

G. Bagherian, M. Arab Chamjangali, H. Shariati Evari, M. Ashrafi, Determination of
copper(1l) by flame atomic absorption spectrometry after its perconcentration by a
highly selective and environmentally friendly dispersive liquid—liquid
microextraction  technique, J. Anal. Sci.  Technol. 10  (2019).
https://doi.org/10.1186/s40543-019-0164-6.

M.A. Habila, Z.A. ALOthman, E. Yilmaz, M. Soylak, Activated carbon cloth filled
pipette tip for solid phase extraction of nickel (I1), lead (11), cadmium (1), copper (1)
and cobalt (1) as 1, 3, 4-thiadiazole-2, 5-dithiol chelates for ultra-trace detection by
FAAS, Int. J. Environ. Anal. Chem. 98 (2018) 171-181.

F. Pena-Pereira, I. Lavilla, C. Bendicho, Liquid-phase microextraction techniques
within the framework of green chemistry, TrAC Trends Anal. Chem. 29 (2010) 617—
628.

D. Barcelo, Sample handling and analysis of pesticides and their transformation
products in water matrices by liquid chromatographic techniques, in: Tech. Instrum.
Anal. Chem., Elsevier, 2000: pp. 155-207.

M. Rezaee, Y. Assadi, M.-R.M. Hosseini, E. Aghaee, F. Ahmadi, S. Berijani,
Determination of Organic Compounds in Water Using Dispersive Liquid-Liquid
Microextraction, J. Chromatogr. A 1116 (2006) 1-9.
https://doi.org/10.1016/J.CHROMA.2006.03.007.

X.Du, X. Wang, Y. Li, F. Ye, Q. Dong, C. Huang, Determination of estrone and 17§3-
estradiol in water samples using dispersive liquid—liquid microextraction followed by

112



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

LC, Chromatographia. 71 (2010) 405-410.

J. Hu, L. Fu, X. Zhao, X. Liu, H. Wang, X. Wang, L. Dai, Dispersive liquid—liquid
microextraction combined with gas chromatography—electron capture detection for
the determination of polychlorinated biphenyls in soils, Anal. Chim. Acta. 640 (2009)
100-105.

Y. Li, J. Hu, W. Liu, L. Jin, P. Zhou, Y. Zhang, B. Zhang, R.A. Dahlgren, X. Wang,
Y. Zhou, Magnetic effervescent tablet-assisted ionic liquid-based dispersive liquid-
liquid microextraction of polybrominated diphenyl ethers in liquid matrix samples,
Talanta. 195 (2019) 785-795.

G. Li, K.H. Row, Utilization of deep eutectic solvents in dispersive liquid-liquid
micro-extraction, TrAC Trends Anal. Chem. 120 (2019) 115651.
https://doi.org/https://doi.org/10.1016/j.trac.2019.115651.

S.M. Sorouraddin, M.A. Farajzadeh, T. Okhravi, Development of dispersive liquid-
liquid microextraction based on deep eutectic solvent using as complexing agent and
extraction solvent: application for extraction of heavy metals, Sep. Sci. Technol. 55
(2020) 2955-2966. https://doi.org/10.1080/01496395.2019.1666874.

P. Makos, E. Stupek, J. Ggbicki, Hydrophobic deep -eutectic solvents in
microextraction techniques—A review, Microchem. J. 152 (2020) 104384.
https://doi.org/10.1016/j.microc.2019.104384.

T. Borahan, B.T. Zaman, B.S.A. Polat, E.G. Bakirdere, S. Bakirdere, An accurate and
sensitive effervescence-assisted liquid phase microextraction method for the
determination of cobalt after a Schiff base complexation by slotted quartz tube-flame
atomic absorption spectrophotometry in urine samples, Anal. Methods. 13 (2021)
703-711.

G. Lasarte-Aragonés, R. Lucena, S. Cardenas, M. Valcarcel, Effervescence assisted
dispersive liquid-liquid microextraction with extractant removal by magnetic
nanoparticles, Anal. Chim. Acta. 807 (2014) 61-66.
https://doi.org/10.1016/j.aca.2013.11.029.

C. Arpa, S. Albayati, M. Yahya, Effervescence-assisted dispersive liquid-liquid
microextraction based on deep eutectic solvent for preconcentration and FAAS
determination of copper in aqueous samples, Int. J. Environ. Anal. Chem. 98 (2018)
938-953. https://doi.org/10.1080/03067319.2018.1517872.

C. Bakar, A. Baba, Metaller ve Insan Saglig: Yirminci Yiizyildan Bugiine ve
Gelecege Miras Kalan Cevre Saglig1 Sorunu, (n.d.).

H. Bradl, Heavy Metals in the Environment: Origin, Interaction and Remediation, 1.
Edition, Elsevier/ Academic Press, London, 2005.

Z.L. He, X.E. Yang, P.J. Stoffella, Trace Elements in Agroecosystems and Impacts
on the Environment, J. Trace Elem. Med. Biol. 19 (2005) 125-140.
https://doi.org/10.1016/j.jtemb.2005.02.010.

113



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

A. Arruti, |. Fernandez-Olmo, A. Irabien, Evaluation of the Contribution of Local
Sources to Trace Metals Levels in Urban PM2. 5 and PM10 in the Cantabria Region
(Northern ~ Spain), J.  Environ.  Monit. 12  (2010)  1451-1458.
https://doi.org/10.1039/b926740a.

E. Strater, A. Westbeld, O. Klemm, Pollution in Coastal Fog at Alto Patache, northern
Chile, Environ. Sci. Pollut. Res. 17 (2010) 1563-1573.
https://doi.org/10.1007/s11356-010-0343-x.

M. Tuzen, A. Onal, M. Soylak, Determination of Trace Heavy Metals in Some Textile
Products Produced in Turkey, Bull. Chem. Soc. Ethiop. 22 (2008) 379-384.
http://doi.org/10.4314/bcse.v22i3.61213.

S. Sungur, F. Giilmez, Determination of Metal Contents of Various Fibers Used in
Textile Industry by MP-AES, J. Spectrosc. (2015).
https://doi.org/10.1155/2015/640271.

I. Rezi¢, 1. Steffan, ICP-OES Determination of Metals Present in Textile Materials,
Microchem. J. 85 (2007) 46-51. https://doi.org/10.1016/j.microc.2006.06.010.

M. Zeiner, 1. Rezi¢, 1. Steffan, Analytical Methods for the Determination of Heavy
Metals in the Textile Industry, Kem. Ind. 56 (2007) 587-595.
https://hrcak.srce.hr/17468.

H. Marquadt, S. Schéfer, R.O. McClellan, F. Welsch, Toxicology, 1. Edition,
Academic Press, New York, 1999.

Eco-Label, Marchio Comunitario di Qualita Ecologica. Criteri di applicazione per
gruppi di prodotti: tessile - abbigliamento, (2002).

B. V Lenntech, Water Treatment and Purification, Rotterdamseweg 402M. 2629
(1998).

M. Hauptman, R. Bruccoleri, A.D. Woolf, An update on childhood lead poisoning,
Clin. Pediatr. Emerg. Med. 18 (2017) 181-192.

J.O. Duruibe, M.O.C. Ogwuegbu, J.N. Egwurugwu, Heavy metal pollution and
human biotoxic effects, Int. J. Phys. Sci. 2 (2007) 112-118.

I. Dokmeci, A.H. Dékmeci, Toksikoloji Zehirlendirmede Tam ve Tedavi, 4, Baski,
Nobel Tip Kitabevleri. (2005).

J.L. Manzoori, M. Amjadi, J. Abulhassani, Ultra-trace determination of lead in water
and food samples by using ionic liquid-based single drop microextraction-
electrothermal atomic absorption spectrometry, Anal. Chim. Acta. 644 (2009) 48-52.

H. Abadin, A. Ashizawa, F. Llados, Y.-W. Stevens, Toxicological profile for lead,
(2007).

D.A.G.G. Ellingsen, N. Horn, J.A.N. Aaseth, Chapter 26 - Copper, in: G.F. Nordberg,
B.A. Fowler, M. Nordberg, L. T.B.T.-H. on the T. of M. (Third E. Friberg (Eds.),
Academic Press, Burlington, 2007: pp. 529-546.

114



[48]

[49]

[50]

[51]

[52]
[53]
[54]

[55]

[56]

[57]
[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

https://doi.org/https://doi.org/10.1016/B978-012369413-3/50081-1.

I.-C. Lee, J.-W. Ko, S.-H. Park, J.-O. Lim, I.-S. Shin, C. Moon, S.-H. Kim, J.-D. Heo,
J.-C. Kim, Comparative toxicity and biodistribution of copper nanoparticles and
cupric ions in rats, Int. J. Nanomedicine. 11 (2016) 2883.

M. Olivares, F. Pizarro, H. Speisky, B. Lonnerdal, R. Uauy, Copper in infant nutrition:
safety of World Health Organization provisional guideline value for copper content
of drinking water, J. Pediatr. Gastroenterol. Nutr. 26 (1998) 251-257.

A. Dorsey, L. Ingerman, Toxicological profile for copper, (2004).

S.W. Fage, A. Faurschou, J.P. Thyssen, Copper hypersensitivity, Contact Dermatitis.
71 (2014) 191-201. https://doi.org/https://doi.org/10.1111/cod.12273.

D.G. Barceloux, D. Barceloux, Nickel, J. Toxicol. Clin. Toxicol. 37 (1999) 239-258.
H. Abadin, M. Fay, S.B. Wilbur, Toxicological profile for nickel, (2005).

H. Lu, X. Shi, M. Costa, C. Huang, Carcinogenic effect of nickel compounds, Mol.
Cell. Biochem. 279 (2005) 45-67.

G.O. Conti, Z. Rasic-Milutinovic, D. Jovanovic, Nickel (Ni), Heal. Eff. Met. Relat.
Subst. Drink. Water. (n.d.) 79.

S. Tolgahan, B.N. Darende, S. Ocak, Hava ve toprakta agir metal kirliligi, Ulus. Cevre
Bilim. Arastirma Derg. 1 (2018) 91-103.

D.G. Barceloux, D. Barceloux, Cobalt, J. Toxicol. Clin. Toxicol. 37 (1999) 201-216.

L.O. Simonsen, H. Harbak, P. Bennekou, Cobalt metabolism and toxicology—a brief
update, Sci. Total Environ. 432 (2012) 210-215.

O. Faroon, S. Keith, Toxicological profile for cobalt, (2004).

L. Leyssens, B. Vinck, C. Van Der Straeten, F. Wuyts, L. Maes, Cobalt toxicity in
humans—A review of the potential sources and systemic health effects, Toxicology.
387 (2017) 43-56.

Z. Alfassi, C.M. Wai, Preconcentration techniques for trace elements, CRC press,
1991.

T. Luo, S. Abdu, M. Wessling, Selectivity of ion exchange membranes: A review, J.
Memb. Sci. 555 (2018) 429-454.

V.N. Bulut, D. Ozdes, O. Bekircan, A. Gundogdu, C. Duran, M. Soylak, Carrier
element-free coprecipitation (CEFC) method for the separation, preconcentration and
speciation of chromium using an isatin derivative, Anal. Chim. Acta. 632 (2009) 35—
41.

S. Xingguang, W. Meijia, Z. Yihua, Z. Jiahua, Z. Hanqi, J. Qinhan, Semi-online
preconcentration of Cd, Mn and Pb on activated carbon for GFASS, Talanta. 59
(2003) 989-997.

Y. Yamini, M. Rezazadeh, S. Seidi, Liquid-Phase Microextraction — The Different

115



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Principles and Configurations, TrAC - Trends Anal. Chem. 112 (2019) 264-272.
https://doi.org/10.1016/j.trac.2018.06.010.

A. Sarafraz-Yazdi, A. Amiri, Liquid-Phase Microextraction, TrAC - Trends Anal.
Chem. 29 (2010) 1-14. https://doi.org/10.1016/j.trac.2009.10.003.

C.L. Arthur, J. Pawliszyn, Solid Phase Microextraction with Thermal Desorption
Using Fused Silica Optical Fibers, Anal. Chem. 62 (1990) 2145-2148.
https://doi.org/10.1021/ac00218a019.

A. Kumar, A.K. Malik, D.K. Tewary, B. Singh, A Review on Development of Solid
Phase Microextraction Fibers by Sol-Gel Methods and Their Applications, Anal.
Chim. Acta. 610 (2008) 1-14. https://doi.org/10.1016/j.aca.2008.01.028.

J.M. Kokosa, Selecting an extraction solvent for a greener liquid phase
microextraction (LPME) mode-based analytical method, TrAC Trends Anal. Chem.
118 (2019) 238-247.

M. Rutkowska, J. Plotka-Wasylka, M. Sajid, V. Andruch, Liquid—phase
microextraction: A review of reviews, Microchem. J. 149 (2019).
https://doi.org/10.1016/j.microc.2019.103989.

S. Pedersen-Bjergaard, K.E. Rasmussen, Liquid-Phase Microextraction with Porous
Hollow Fibers, A Miniaturized and Highly Flexible Format for Liquid—Liquid
Extraction, J. Chromatogr. A 1184 (2008) 132-142.
https://doi.org/10.1016/j.chroma.2007.08.088.

S. Dadfarnia, A.M. Haji Shabani, Recent development in liquid phase microextraction
for determination of trace level concentration of metals-A review, Anal. Chim. Acta.
658 (2010) 107-119. https://doi.org/10.1016/j.aca.2009.11.022.

S.Tang, T. Qi, P.D. Ansah, J.C.N. Fouemina, W. Shen, C. Basheer, H.K. Lee, Single-
Drop Microextraction, TrAC Trends Anal. Chem. 108 (2018) 306-313.
https://doi.org/10.1016/j.trac.2018.09.016.

K. Pytlakowska, V. Kozik, M. Dabioch, Complex-Forming Organic Ligands in
Cloud-Point Extraction of Metal lons: A review, Talanta. 110 (2013) 202-228.
https://doi.org/10.1016/j.talanta.2013.02.037.

I. Hagarova, Separation and Quantification of Metallic Nanoparticles Using Cloud
Point Extraction and Spectrometric Methods: A brief review of latest applications,
Anal. Methods. 9 (2017) 3594-3601. https://doi.org/10.1039/c7ay00953d.

Y. Wang, H. Chen, J. Han, L. Wang, L. Ni, T. Wang, X. Tang, A Novel Cyclic Non-
Ligand Dual-Cloud Point Extraction for the Preconcentration of Cadmium (1)
Through pH Regulation in Food and Environmental Matrices, New J. Chem. 39
(2015) 9116-9123. https://doi.org/10.1039/c5nj01426¢.

S. Pedersen-Bjergaard, K.E. Rasmussen, Liquid—Liquid—Liquid Microextraction for
Sample Preparation of Biological Fluids Prior to Capillary Electrophoresis, Anal.
Chem. 71 (1999) 2650-2656. https://doi.org/10.1021/ac990055n.

116



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

E. Fernandez, L. Vidal, 4 Liquid-Phase Microextraction Techniques, Miniaturization
Sample Prep. (2014) 191-252. https://doi.org/10.2478/9783110410181.4.

M.R. Khalili Zanjani, Y. Yamini, S. Shariati, J.A. Jénsson, A new liquid-phase
microextraction method based on solidification of floating organic drop, Anal. Chim.
Acta. 585 (2007) 286-293. https://doi.org/10.1016/j.aca.2006.12.049.

I. Durukan, C. Arpa Sahin, S. Bektas, Determination of copper traces in water samples
by flow injection-flame atomic absorption spectrometry using a novel solidified
floating organic drop microextraction method, Microchem. J. 98 (2011) 215-219.
https://doi.org/10.1016/j.microc.2011.02.001.

M. Rezaee, Y. Yamini, M. Faraji, Evolution of Dispersive Liquid-Liquid
Microextraction Method, J. Chromatogr. A. 1217 (2010) 2342-2357.
https://doi.org/10.1016/j.chroma.2009.11.088.

H. Yan, H. Wang, Recent Development and Applications of Dispersive Liquid—
Liquid  Microextraction, J.  Chromatogr. A. 1295 (2013) 1-15.
https://doi.org/10.1016/j.chroma.2013.04.053.

I. Rykowska, J. Ziemblinska, I. Nowak, Modern Approaches in Dispersive Liquid-
Liquid Microextraction (DLLME) Based on lonic Liquids: A review, J. Mol. Lig. 259
(2018) 319-339. https://doi.org/10.1016/j.molliq.2018.03.043.

M. Rezaee, Y. Assadi, M.-R.M. Hosseini, E. Aghaee, F. Ahmadi, S. Berijani,
Determination of organic compounds in water using dispersive liquid-liquid
microextraction, J. Chromatogr. A. 1116 (2006) 1-9.
https://doi.org/10.1016/j.chroma.2006.03.007.

S.P.M. Ventura, F.A. e Silva, M. V Quental, D. Mondal, M.G. Freire, J.A.P. Coutinho,
lonic-Liquid-Mediated Extraction and Separation Processes for Bioactive
Compounds: Past, Present, and Future Trends, Chem. Rev. 117 (2017) 6984-7052.
https://doi.org/10.1021/acs.chemrev.6b00550.

R. Pimparu, S. Nitiyanontakit, M. Mir¢, P. Varanusupakul, Dynamic single-interface
hollow fiber liquid phase microextraction of Cr(\V1) using ionic liquid containing
supported liquid membrane, Talanta. 161 (2016) 730-734.
https://doi.org/10.1016/j.talanta.2016.09.036.

J.L. Benedé, J.L. Anderson, A. Chisvert, Trace determination of volatile polycyclic
aromatic hydrocarbons in natural waters by magnetic ionic liquid-based stir bar
dispersive  liquid  microextraction,  Talanta. 176  (2018)  253-261.
https://doi.org/10.1016/j.talanta.2017.07.091.

A. Ballesteros-Gomez, S. Rubio, D. Pérez-Bendito, Potential of supramolecular
solvents for the extraction of contaminants in liquid foods, J. Chromatogr. A. 1216
(2009) 530-539. https://doi.org/10.1016/j.chroma.2008.06.029.

F. Aydin, E. Yilmaz, M. Soylak, Supramolecular solvent-based microextraction
method for cobalt traces in food samples with optimization Plackett—Burman and
central composite experimental design, RSC Adv. 5 (2015) 94879-94886.

117



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

https://doi.org/10.1039/C5RA15856G.

X. Wang, M. Gao, Z. Zhang, H. Gu, T. Liu, N. Yu, X. Wang, H. Wang, Development
of CO 2-mediated switchable hydrophilicity solvent-based microextraction combined
with HPLC-UV for the determination of bisphenols in foods and drinks, Food Anal.
Methods. 11 (2018) 2093-2104.

M. Khan, M. Soylak, Switchable solvent based liquid phase microextraction of
mercury from environmental samples: a green aspect, Rsc Adv. 6 (2016) 24968
24975.

M. Cruz-Vera, R. Lucena, S. Céardenas, M. Valcéarcel, One-step in-syringe ionic
liquid-based dispersive liquid—liquid microextraction, J. Chromatogr. A. 1216 (2009)
6459-6465. https://doi.org/10.1016/j.chroma.2009.07.040.

V. Andruch, C.C. Acebal, J. Skrlikova, H. Sklenafova, P. Solich, I.S. Balogh, F.
Billes, L. Kocurovd, Automated on-line dispersive liquid-liquid microextraction
based on a sequential injection system, Microchem. J. 100 (2012) 77-82.
https://doi.org/10.1016/j.microc.2011.09.006.

M.A. Farajzadeh, D. Djozan, P. Khorram, Development of a new dispersive liquid—
liquid microextraction method in a narrow-bore tube for preconcentration of triazole
pesticides from aqueous samples, Anal. Chim. Acta. 713 (2012) 70-78.
https://doi.org/10.1016/j.aca.2011.11.030.

M. Saraji, A.A.H. Bidgoli, Dispersive liquid—liquid microextraction using a surfactant
as disperser agent, Anal. Bioanal. Chem. 397 (2010) 3107-3115.
https://doi.org/10.1007/s00216-010-3894-2.

J. Regueiro, M. Llompart, C. Garcia-Jares, J.C. Garcia-Monteagudo, R. Cela,
Ultrasound-assisted emulsification—-microextraction of emergent contaminants and
pesticides in environmental waters, J. Chromatogr. A. 1190 (2008) 27-38.
https://doi.org/10.1016/j.chroma.2008.02.091.

V. Andruch, M. Burdel, L. Kocurova, J. gandrejové, I.S. Balogh, Application of
ultrasonic irradiation and vortex agitation in solvent microextraction, TrAC Trends
Anal. Chem. 49 (2013) 1-19. https://doi.org/10.1016/j.trac.2013.02.006.

G. Cinelli, P. Avino, I. Notardonato, A. Centola, M.V. Russo, Rapid analysis of six
phthalate esters in wine by ultrasound-vortex-assisted dispersive liquid—liquid micro-
extraction coupled with gas chromatography-flame ionization detector or gas
chromatography—ion trap mass spectrometry, Anal. Chim. Acta. 769 (2013) 72—78.
https://doi.org/10.1016/j.aca.2013.01.031.

M.A. Farajzadeh, M.R.A. Mogaddam, Air-assisted liquid—liquid microextraction
method as a novel microextraction technique; Application in extraction and
preconcentration of phthalate esters in aqueous sample followed by gas
chromatography—flame ionization detection, Anal. Chim. Acta. 728 (2012) 31-38.
https://doi.org/10.1016/j.aca.2012.03.031.

[100] W. Jiang, X. Chen, F. Liu, X. You, J. Xue, Effervescence-assisted dispersive liquid-

118



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

liquid microextraction using a solid effervescent agent as a novel dispersion technique
for the analysis of fungicides in apple juice, J. Sep. Sci. 37 (2014) 3157-3163.
https://doi.org/10.1002/jssc.201400695.

E. Yildiz, H. Cabuk, A new solidified effervescent tablet-assisted dispersive liquid-
liquid microextraction for the analysis of fungicides in fruit juice samples, Anal.
Methods. 10 (2018) 330-337. https://doi.org/10.1039/c7ay02406a.

B. Tang, K.H. Row, Recent developments in deep eutectic solvents in chemical
sciences, Monatshefte Fur Chemie. 144 (2013) 1427-1454.
https://doi.org/10.1007/s00706-013-1050-3.

E.L. Smith, A.P. Abbott, K.S. Ryder, Deep Eutectic Solvents (DESs) and Their
Applications, Chem. Rev. 114 (2014) 11060-11082.
https://doi.org/10.1021/cr300162p.

B. Tang, H. Zhang, K.H. Row, Application of deep eutectic solvents in the extraction
and separation of target compounds from various samples, J. Sep. Sci. 38 (2015)
1053-1064. https://doi.org/10.1002/jssc.201401347.

D.Z. Troter, Z.B. Todorovi¢, D.R. Doki¢-Stojanovi¢, O.S. Stamenkovié¢, V.B.
Veljkovi¢, Application of ionic liquids and deep eutectic solvents in biodiesel
production: A review, Renew. Sustain. Energy Rev. 61 (2016) 473-500.
https://doi.org/10.1016/j.rser.2016.04.011.

L.I.N. Tomé, V. Baido, W. da Silva, C.M.A. Brett, Deep eutectic solvents for the
production and application of new materials, Appl. Mater. Today. 10 (2018) 30-50.
https://doi.org/10.1016/j.apmt.2017.11.005.

A.P. Abbott, D. Boothby, G. Capper, D.L. Davies, R.K. Rasheed, Deep Eutectic
Solvents Formed between Choline Chloride and Carboxylic Acids: Versatile
Alternatives to lonic Liquids, J. Am. Chem. Soc. 126 (2004) 9142-9147.
https://doi.org/10.1021/ja048266j.

Y. Marcus, Deep eutectic solvents, Springer International Publishing, Cham, 2019.
https://doi.org/10.1007/978-3-030-00608-2_1.

C. Florindo, L.C. Branco, .M. Marrucho, Quest for Green-Solvent Design: From
Hydrophilic to Hydrophobic (Deep) Eutectic Solvents, ChemSusChem. 12 (2019)
1549-1559. https://doi.org/10.1002/cssc.201900147.

A.P. Abbott, J.C. Barron, K.S. Ryder, D. Wilson, Eutectic-Based lonic Liquids with
Metal-Containing Anions and Cations, Chem. - A Eur. J. 13 (2007) 6495-6501.
https://doi.org/10.1002/chem.200601738.

0O.S. Hammond, D.T. Bowron, K.J. Edler, The Effect of Water upon Deep Eutectic
Solvent Nanostructure: An Unusual Transition from lonic Mixture to Aqueous
Solution, Angew. Chemie Int. Ed. 56 (2017) 9782-9785.
https://doi.org/10.1002/anie.201702486.

C. Florindo, F.S. Oliveira, L.P.N. Rebelo, A.M. Fernandes, .M. Marrucho, Insights

119



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

into the Synthesis and Properties of Deep Eutectic Solvents Based on Cholinium
Chloride and Carboxylic Acids, ACS Sustain. Chem. Eng. 2 (2014) 2416-2425.
https://doi.org/10.1021/s¢500439w.

X. Li, K.H. Row, Development of deep eutectic solvents applied in extraction and
separation, J. Sep. Sci. 39 (2016) 3505-3520.
https://doi.org/10.1002/jssc.201600633.

J. Garcia-Alvarez, Deep Eutectic Mixtures: Promising Sustainable Solvents for
Metal-Catalysed and Metal-Mediated Organic Reactions, Eur. J. Inorg. Chem. 2015
(2015) 5147-5157. https://doi.org/10.1002/ejic.201500892.

M. Ruesgas-Ramon, M.C. Figueroa-Espinoza, E. Durand, Application of Deep
Eutectic Solvents (DES) for Phenolic Compounds Extraction: Overview, Challenges,
and  Opportunities, J. Agric. Food Chem. 65 (2017) 3591-3601.
https://doi.org/10.1021/acs.jafc.7b01054.

J. Chen, M. Liu, Q. Wang, H. Du, L. Zhang, Deep Eutectic Solvent-Based
Microwave-Assisted Method for Extraction of Hydrophilic and Hydrophobic
Components from Radix Salviae miltiorrhizae, Molecules. 21 (2016) 1383.
https://doi.org/10.3390/molecules21101383.

D.J.G.P. van Osch, L.F. Zubeir, A. van den Bruinhorst, M.A.A. Rocha, M.C. Kroon,
Hydrophobic deep eutectic solvents as water-immiscible extractants, Green Chem. 17
(2015) 4518-4521. https://doi.org/10.1039/C5GC01451D.

D.J.G.P. van Osch, C.H.J.T. Dietz, J. van Spronsen, M.C. Kroon, F. Gallucci, M. van
Sint Annaland, R. Tuinier, A Search for Natural Hydrophobic Deep Eutectic Solvents
Based on Natural Components, ACS Sustain. Chem. Eng. 7 (2019) 2933-2942.
https://doi.org/10.1021/acssuschemeng.8b03520.

A.K. Dwamena, Recent advances in hydrophobic deep eutectic solvents for
extraction, Separations. 6 (2019). https://doi.org/10.3390/separations6010009.

A.K. Dwamena, Investigating Anions and Hydrophobicity of Deep Eutectic Solvents
by Experiment and Computational Simulation, ProQuest Diss. Theses. (2019) 194.
https://openprairie.sdstate.edu/etd/3160.

M. Francisco, A. van den Bruinhorst, L.F. Zubeir, C.J. Peters, M.C. Kroon, A new
low transition temperature mixture (LTTM) formed by choline chloride+lactic acid:
Characterization as solvent for CO2 capture, Fluid Phase Equilib. 340 (2013) 77-84.
https://doi.org/10.1016/j.fluid.2012.12.001.

W. Bi, M. Tian, K.H. Row, Evaluation of alcohol-based deep eutectic solvent in
extraction and determination of flavonoids with response surface methodology
optimization, J. Chromatogr. A 1285 (2013) 22-30.
https://doi.org/10.1016/j.chroma.2013.02.041.

S. Zhu, J. Zhou, H. Jia, H. Zhang, Liquid-liquid microextraction of synthetic
pigments in beverages using a hydrophobic deep eutectic solvent, Food Chem. 243
(2018) 351-356. https://doi.org/10.1016/j.foodchem.2017.09.141.

120



[124] A.Y.M. Al-Murshedi, H.F. Alesary, R. Al-Hadrawi, Thermophysical properties in
deep eutectic solvents with/without water, J. Phys. Conf. Ser. 1294 (2019).
https://doi.org/10.1088/1742-6596/1294/5/052041.

[125] S.J. Hill, A.S. Fisher, Atomic absorption, methods and instrumentation, (1999).

[126] R.D. Beaty, J.D. Kerber, Concepts, Instrumentation and Techniques in Atomic
Absorption Spectrometry, 2. Edition, The Perkin-Elmer Corporation, Norwalk, CT,
USA, 1993. https://www.ufjf.br/baccan/files/2011/05/AAS-Perkinl.pdf.

[127] P.A. Bennett, Atomic Spectroscopy, Varian Australia Pty Ltd (A.C.N. 004 559 540),
1997. https://www.ufjf.br/baccan/files/2011/05/AAS-Varianl.pdf.

[128] D.J. Butcher, Advances in Electrothermal Atomization Atomic Absorption
Spectrometry: Instrumentation, Methods, and Applications, Appl. Spectrosc. Rev. 41
(2006) 15-34. https://doi.org/10.1080/05704920500385460.

[129] D.A. Skoog, F.J. Holler, S.R. Crouch, Principles of instrumental analysis, 7. Edition,
Cengage learning, Boston, MA, USA, 2017.

[130] P.A. Bennett, E. Rothery, Introducing atomic absorption analysis, Varian Techtron
Pty Limited, 1983.

[131] R. Garcia, A.P. Béez, Atomic absorption spectrometry (AAS), At. Absorpt.
Spectrosc. 1 (2012) 1-13.

[132] B. Welz, M. Sperling, Atomic absorption spectrometry, John Wiley & Sons, 2008.

[133] P. Elmer, Analytical methods for atomic absorption spectroscopy, The Perkin-Elmer
Corporation., USA, 1996.

[134] J.V Sullivan, A. Walsh, High intensity hollow-cathode lamps, Spectrochim. Acta. 21
(1965) 721-726.

[135] T.J. Bruno, P.D.N. Svoronos, Atomic Absorption Spectrometry, in: CRC Handb.
Basic Tables Chem. Anal., 4. Edition, CRC Press, 2020: pp. 587-634.
https://doi.org/10.1201/b22281-12.

[136] J.E. Cantle, Techniques and Instrumentation in Analytical Chemistry Volume 5 -
Atomic Absorption Spectrometry, Elsevier, 1982.

[137] M. Dermience, Kashin-Beck Disease: evaluation of mineral intake in young Tibetan
children from endemic areas, (2010).

[138] O.Y. Ataman, Vapor generation and atom traps: atomic absorption spectrometry at
the ng/L level, Spectrochim. Acta Part B At. Spectrosc. 63 (2008) 825-834.

[139] L. Ebdon, E.H. Evans, A.S. Fisher, S.J. Hill, Flame atomic absorption spectrometry,
in: An Introd. to Anal. At. Spectrom., John Wiley & Sons, Chichester, UK, 1998.

[140] H.A. Strobel, W.R. Heineman, Standard additions method, Chem. Instrum. a Syst.
Approach. 3rd Ed. New York, NY John Wiley Sons, Inc. (1989) 391-397.

[141] R.J. Thomas, Atomic Absorption and Atomic Fluorescence, in: Measuring Heavy

121



[142]
[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Metal Contaminants in Cannabis and Hemp, 1. Edition, CRC Press, 2020.
https://doi.org/10.1201/9781003004158-26.

G. Kirchoff, 10 . 4 : Atomic Absorption Spectroscopy, LibreTexts. (2020) 1-10.

Annual Reports on Analytical Atomic Spectroscopy, Electrothermal atomizers, J.
Anal. At. Spectrom. 7 (1977) 26. https://doi.org/10.1039/aa9770700026.

D.J. Butcher, J. Sneddon, A practical guide to graphite furnace atomic absorption
spectrometry, John Wiley & Sons, 1998.

K.W. Jackson, Electrothermal atomization for analytical atomic spectrometry, Wiley,
New York, 1999.

R.A. Isaac, J.D. Kerber, Atomic absorption and flame photometry: Techniques and
uses in soil, plant, and water analysis, Instrum. Methods Anal. Soils Plant Tissue.
(1971) 17-37.

S.J. Hill, A.S. Fisher, Atomic Absorption, Methods and Instrumentation, in: J.C.
Lindon, G.E. Tranter, D.W.B.T.-E. of S. and S. (Third E. Koppenaal (Eds.), Encycl.
Spectrosc. Spectrom., Elsevier, Oxford, 2017: pp. 37-43.
https://doi.org/10.1016/B978-0-12-803224-4.00099-6.

L.M.A. Monzon, F. Burke, J.M.D. Coey, Optical, Magnetic, Electrochemical, and
Electrical Properties of 8-Hydroxyquinoline-Based Complexes with Al 3+, Cr 3+,
Mn 2+, Co 2+, Ni 2+, Cu 2+, and Zn 2+, J. Phys. Chem. C. 115 (2011) 9182-9192.
https://doi.org/10.1021/jp201019c.

A.G. Dalecki, C.L. Crawford, F. Wolschendorf, Chapter Six - Copper and Antibiotics:
Discovery, Modes of Action, and Opportunities for Medicinal Applications, in:
R.K.B.T.-A. in M.P. Poole (Ed.), Microbiol. Met. lons, Academic Press, 2017: pp.
193-260. https://doi.org/https://doi.org/10.1016/bs.ampbs.2017.01.007.

V. Prachayasittikul, S. Prachayasittikul, S. Ruchirawat, V. Prachayasittikul, 8-
Hydroxyquinolines: a review of their metal chelating properties and medicinal
applications, Drug Des. Devel. Ther. 7 (2013) 1157.

B. Barfi, A. Asghari, M. Rajabi, S. Sabzalian, F. Khanalipoor, M. Behzad, Optimized
syringe-assisted dispersive micro solid phase extraction coupled with microsampling
flame atomic absorption spectrometry for the simple and fast determination of
potentially toxic metals in fruit juice and bio-fluid samples, RSC Adv. 5 (2015)
31930-31941. https://doi.org/10.1039/C5RA03537F.

A. Ghoochani Moghadam, M. Rajabi, M. Hemmati, A. Asghari, Development of
effervescence-assisted liquid phase microextraction based on fatty acid for
determination of silver and cobalt ions using micro-sampling flame atomic absorption
spectrometry, J. Mol. Liq. 242 (2017) 1176-1183.
https://doi.org/10.1016/j.molliq.2017.07.038.

M. Zeiner, 1. Rezi¢, 1. Steffan, Analytical methods for the determination of heavy
metals in the textile industry, Kem. u Ind. Casopis Kemi¢ara i Kem. InZenjera Hrvat.

122



[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

56 (2007) 587-595. https://hrcak.srce.hr/17468.

Z. Marczenko, M. Balcerzak, Separation, preconcentration and spectrophotometry in
inorganic analysis, Elsevier, 2000.

X. Liu, Z. Shen, P. Wang, C. Liu, Z. Zhou, D. Liu, Effervescence assisted on-site
liquid phase microextraction for the determination of five triazine herbicides in water,
J. Chromatogr. A 1371 (2014) 58-64.
https://doi.org/https://doi.org/10.1016/j.chroma.2014.10.068.

A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. Tambyrajah, Novel solvent
properties of choline chloride/urea mixturesElectronic supplementary information
(ESI) available: spectroscopic data. See
http://www.rsc.org/suppdata/cc/b2/b210714g/, Chem. Commun. (2003) 70-71.
https://doi.org/10.1039/b210714g.

S.K. Saha, S. Dey, R. Chakraborty, Effect of choline chloride-oxalic acid based deep
eutectic solvent on the ultrasonic assisted extraction of polyphenols from Aegle
marmelos, J. Mol. Lig. 287 (2019) 110956.

M. Yahya, S. Kesekler, I. Durukan, C. Arpa, Determination of prohibited lead and
cadmium traces in hair dyes and henna samples using ultrasound assisted-deep
eutectic solvent-based liquid phase microextraction followed by microsampling-
flame  atomic  absorption  spectrometry,  Anal. Methods. (2021).
https://doi.org/10.1039/D0AY02235G.

J. Ali, M. Tuzen, X. Feng, T.G. Kazi, Determination of trace levels of selenium in
natural water, agriculture soil and food samples by vortex assisted liquid-liquid
microextraction method: Multivariate techniques, Food Chem. 344 (2021) 128706.

Naeemullah, T.G. Kazi, F. Shah, H.I. Afridi, S. Khan, S.S. Arian, K.D. Brahman, A
Green Preconcentration Method for Determination of Cobalt and Lead in Fresh
Surface and Waste Water Samples Prior to Flame Atomic Absorption Spectrometry,
J. Anal. Methods Chem. 2012 (2012) 713862. https://doi.org/10.1155/2012/713862.

M. Dogan, M. Soylak, L. El¢i, A. Von Bohlen, Application of total reflection X-ray
fluorescence spectrometry in the textile industry, Mikrochim. Acta. 138 (2002) 77—
82. https://doi.org/10.1007/s006040200012.

S. Saracoglu, U. Divrikli, M. Soylak, L. Elci, M. Dogan, Determination of trace
elements of some textiles by atomic absorption spectrometry, J. Trace Microprobe
Tech. 21 (2003) 389-396. https://doi.org/10.1081/TMA-120020273.

L.F. de M. Guedes, B.F. Braz, A.S. Freire, R.E. Santelli, Assessing the harmfulness
of high-salinity oilfield-produced water related to trace metals using vortex-assisted
dispersive liquid-liquid microextraction combined with inductively coupled plasma
optical emission  spectrometry, Microchem. J. 155 (2020) 104714,
https://doi.org/10.1016/j.microc.2020.104714.

S. V Smirnova, D. V llin, I. V Pletnev, Extraction and ICP-OES determination of
heavy metals using tetrabutylammonium bromide aqueous biphasic system and

123



[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

oleophilic collector, Talanta. 221 (2021) 121485.
https://doi.org/https://doi.org/10.1016/j.talanta.2020.121485.

S. Zhang, B. Chen, M. He, B. Hu, Switchable solvent based liquid phase
microextraction of trace lead and cadmium from environmental and biological
samples prior to graphite furnace atomic absorption spectrometry detection,
Microchem. J. 139 (2018) 380-385. https://doi.org/10.1016/j.microc.2018.03.017.

K. Sharafi, N. Fattahi, M. Pirsaheb, H. Yarmohamadi, M. Fazlzadeh Davil, Trace
determination of lead in lipsticks and hair dyes using microwave-assisted dispersive
liquid-liquid microextraction and graphite furnace atomic absorption spectrometry,
Int. J. Cosmet. Sci. 37 (2015) 489-495. https://doi.org/10.1111/ics.12221.

G. Alpdogan, S.D. Zor, A New Dispersive Liquid—Liquid Microextraction Method
for Preconcentration and Determination of Aluminum, Iron, Copper, and Lead in Real
Water Samples by HPLC, J. AOAC Int. 100 (2017) 1524-1530.
https://doi.org/10.5740/jaoacint.16-0376.

H. Faraji, M. Helalizadeh, Lead Quantification in Urine Samples of Athletes by
Coupling DLLME with UV-Vis Spectrophotometry, Biol. Trace Elem. Res. 176
(2017) 258-269. https://doi.org/10.1007/s12011-016-0844-7.

A. Akhtar, T.G. Kazi, H.1. Afridi, J.A. Baig, M. Khan, Simultaneous preconcentration
of toxic elements in eye makeup products through single drop ionic liquid based non-
dispersive microextraction method using narrow glass column: Multivariate
application, Microchem. J. 157 (2020) 104963.
https://doi.org/10.1016/j.microc.2020.104963.

A. Akhtar, T.G. Kazi, H.I. Afridi, J.A. Baig, M.B. Arain, A tandem ionic liquid-based
dispersive microextraction method using in-syringe air-assisted vesicle system for
rapid determination of lead and cadmium in artificial sweat extract of facial cosmetic
products, Appl. Organomet. Chem. 34 (2020) 1-12. https://doi.org/10.1002/aoc.5784.

T. Borahan, T. Unutkan, N.B. Turan, F. Turak, S. Bakirdere, Determination of lead
in milk samples using vortex assisted deep eutectic solvent based liquid phase
microextraction-slotted quartz tube-flame atomic absorption spectrometry system,
Food Chem. 299 (2019) 125065. https://doi.org/10.1016/j.foodchem.2019.125065.

M. Khan, T.G. Kazi, H.I. Afridi, M. Bilal, A. Akhtar, N. Ullah, S. Khan, S. Talpur,
Application of ultrasonically modified cloud point extraction method for
simultaneous enrichment of cadmium and lead in sera of different types of gallstone
patients, Ultrason. Sonochem. 39 (2017) 313-320.
https://doi.org/10.1016/j.ultsonch.2017.04.043.

E. Akkaya, F. Ahmet, C. Buyukpinar, S. Bakirdere, Accurate and sensitive
determination of lead in black tea samples using cobalt magnetic particles based
dispersive solid-phase microextraction prior to slotted quartz tube-flame atomic
absorption spectrometry, Food Chem. 297 (2019) 124947,
https://doi.org/10.1016/j.foodchem.2019.06.014.

124



[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

X. Wang, J. Chen, Y. Zhou, X. Liu, H. Yao, F. Ahmad, Dispersive Liquid-Liquid
Microextraction and Micro-Solid Phase Extraction for the Rapid Determination of
Metals in Food and Environmental Waters, Anal. Lett. 48 (2015) 1787-1801.
https://doi.org/10.1080/00032719.2014.1002036.

E. Bagda, H. Altundag, M. Tiizen, M. Soylak, A Novel Selective Deep Eutectic
Solvent Extraction Method for Versatile Determination of Copper in Sediment
Samples by ICP-OES, Bull. Environ. Contam. Toxicol. 99 (2017) 264-269.
https://doi.org/10.1007/s00128-017-2065-y.

S. Yang, X. Fang, L. Duan, S. Yang, Z. Lei, X. Wen, Comparison of ultrasound-
assisted cloud point extraction and ultrasound-assisted dispersive liquid liquid
microextraction for copper coupled with spectrophotometric determination,
Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 148 (2015) 72-77.
https://doi.org/10.1016/j.saa.2015.03.129.

T.S. Neri, D.P. Rocha, R.A.A. Mufioz, N.M.M. Coelho, A.D. Batista, Highly sensitive
procedure for determination of Cu(ll) by GF AAS using single-drop microextraction,
Microchem. J. 147 (2019) 894-898. https://doi.org/10.1016/j.microc.2019.04.014.

S.M. Sorouraddin, M.A. Farajzadeh, M. Ghorbani, In situ-produced CO2-assisted
dispersive liquid—liquid microextraction for extraction and preconcentration of cobalt,
nickel, and copper ions from aqueous samples followed by graphite furnace atomic
absorption spectrometry determination, J. Iran. Chem. Soc. 15 (2018) 201-209.
https://doi.org/10.1007/s13738-017-1224-8.

M. Hassan, Z. Erbas, U. Alshana, M. Soylak, Ligandless reversed-phase switchable-
hydrophilicity solvent liquid—liquid microextraction combined with flame-atomic
absorption spectrometry for the determination of copper in oil samples, Microchem.
J. 156 (2020) 104868. https://doi.org/10.1016/j.microc.2020.104868.

G. Khayatian, M. Hassanpour, lon pair dispersive liquid-liquid microextraction for
the determination of trace amounts of copper(Il) in soil, multivitamin tablet, tea and
water samples using flame atomic absorption spectrometry, Anal. Bioanal. Chem.
Res. 5 (2018) 11-21. https://doi.org/10.22036/abcr.2017.83511.1144.

L. Khoshmaram, M. Saadati, A. Karimi, A simple and rapid technique for the
determination of copper based on air-assisted liquid-liquid microextraction and image
colorimetric analysis, Anal. Methods. 12 (2020) 3490-3498.
https://doi.org/10.1039/d0ay00706d.

H. Ebrahimi-Najafabadi, A. Pasdaran, R. Rezaei Bezenjani, E. Bozorgzadeh,
Determination of toxic heavy metals in rice samples using ultrasound assisted
emulsification microextraction combined with inductively coupled plasma optical
emission spectroscopy, Food Chem. 289 (2019) 26-32.
https://doi.org/10.1016/j.foodchem.2019.03.046.

V.A. Lemos, E.V. dos Santos Vieira, Method for the determination of cadmium, lead,
nickel, cobalt and copper in seafood after dispersive liquid—liquid micro-extraction,

125



[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

Food Addit. Contam. - Part A Chem. Anal. Control. Expo. Risk Assess. 31 (2014)
1872-1878. https://doi.org/10.1080/19440049.2014.964338.

R. Gharanjik, M. Nassiri, S.H. Hashemi, Spectrophotometric determination of copper
and nickel in marine brown algae after perconcentration with surfactant assisted
dispersive liquid-liquid microextraction, Iran. J. Chem. Chem. Eng. 39 (2020) 117—
126.

Z. Doroudi, A. Niazi, Ultrasound-assisted emulsification-microextraction and
spectrophotometric determination of cobalt, nickel and copper after optimization
based on Box-Behnken design and chemometrics methods, Polish J. Chem. Technol.
20 (2018) 21-28. https://doi.org/10.2478/pjct-2018-0004.

K. Adhami, H. Asadollahzadeh, M. Ghazizadeh, Preconcentration and determination
of nickel (I1) and copper (II) ions, in vegetable oils by [TBP] [PO4] IL-based
dispersive liquid—liquid microextraction technique, and flame atomic absorption
spectrophotometry, J. Food Compos. Anal. 89 (2020) 103457.
https://doi.org/10.1016/j.jfca.2020.103457.

D. Citak, R. Demirok, The Development of pH Modulated Solidified Homogeneous
Liquid Phase Microextraction Methodology for Preconcentration and Determination
of Nickel in Water Samples, Cumhur. Sci. J. 40 (2019) 917-925.
https://doi.org/10.17776/csj.642319.

N.K. Temel, K. Sertakan, R. Giirkan, Preconcentration and determination of trace
nickel and cobalt in milk-based samples by ultrasound-assisted cloud point extraction
coupled with flame atomic absorption spectrometry, Biol. Trace Elem. Res. 186
(2018) 597-607. https://doi.org/10.1007/s12011-018-1337-7.

H. Sereshti, Y. Entezari Heravi, S. Samadi, Optimized ultrasound-assisted
emulsification microextraction for simultaneous trace multielement determination of
heavy metals in real water samples by ICP-OES, Talanta. 97 (2012) 235-241.
https://doi.org/10.1016/j.talanta.2012.04.024.

J. Werner, lonic liquid ultrasound-assisted dispersive liquid-liquid microextraction
based on solidification of the aqueous phase for preconcentration of heavy metals ions
prior to determination by LC-UV, Talanta. 182 (2018) 69-73.
https://doi.org/10.1016/j.talanta.2018.01.060.

V.A. Lemos, I.V.S. Junior, L.B. Santos, J.A. Barreto, S.L.C. Ferreira, A New Simple
and Fast Method for Determination of Cobalt in Vitamin B12 and Water Samples
Using Dispersive Liquid-Liquid Microextraction and Digital Image Analysis, Water.
Air. Soil Pollut. 231 (2020). https://doi.org/10.1007/s11270-020-04680-1.

Z.M. Memon, E. Yilmaz, M. Soylak, Switchable solvent based green liquid phase
microextraction method for cobalt in tobacco and food samples prior to flame atomic
absorption spectrometric determination, J. Mol. Lig. 229 (2017) 459-464.
https://doi.org/10.1016/j.molliq.2016.12.098.

A. Ghasemi, M.R. Jamali, Z. Es’haghi, Ultrasound Assisted Ferrofluid Dispersive

126



[194]

[195]

[196]

Liquid Phase Microextraction Coupled with Flame Atomic Absorption Spectroscopy
for the Determination of Cobalt in Environmental Samples, Anal. Lett. 54 (2021)
378-393. https://doi.org/10.1080/00032719.2020.1765790.

C. Arpa, 1. Anidasir, Ultrasound assisted ion pair based surfactant-enhanced liquid—
liquid microextraction with solidification of floating organic drop combined with
flame atomic absorption spectrometry for preconcentration and determination of
nickel and cobalt ions in vegeta, Food Chem. 284 (2019) 16-22.
https://doi.org/10.1016/j.foodchem.2019.01.092.

A.S. Rad, R. Rahnama, M. Zakeri, M.R. Jamali, Dispersive liquid—liquid
microextraction based on green type solvents—"deep eutectic solvents"—for highly
selective separation and efficient preconcentration of nickel in water samples, J. Iran.
Chem. Soc. 16 (2019) 1715-1722. https://doi.org/10.1007/s13738-019-01643-0.

M.B. Arain, E. Yilmaz, M. Soylak, Deep eutectic solvent based ultrasonic assisted
liquid phase microextraction for the FAAS determination of cobalt, J. Mol. Lig. 224
(2016) 538-543. https://doi.org/10.1016/j.molliq.2016.10.005.

127



