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ABSTRACT  

Microextraction sample preparation methods are miniaturized formats which 

contributes to green approaches in Analytical Chemistry. They are mainly characterized 

by the minimum use of organic solvents.  

The aim of this research work was to develop environmentally friendly sample 

preparation methods followed by inductively coupled plasma optical emission 

spectroscopy for the determination of mercury in fossil fuels and their selected derivatives. 

Three different sample preparation methods were developed and applied for this purpose. 

These three different sample preparation methods were microwave-assisted hydrogen 

peroxide digestion, vortex assisted deep eutectic solvent based dispersive liquid-liquid 

microextraction and ultrasound-assisted magnetic dispersive solid phase microextraction. 

Multivariate optimization tools were employed for the optimization of the most 

influential parameters for the three different sample preparation methods. For microwave-

assisted hydrogen peroxide digestion, the optimized parameters were sample mass, 

digestion time, temperature, hydrogen peroxide concentration and methionine 

concentration. The vortex-assisted deep eutectic solvent based dispersive liquid-liquid 

microextraction optimized parameters were sample pH, extraction time, extractant 

volume, disperser solvent volume and centrifugation time. Finally for ultrasound-assisted 

magnetic dispersive solid phase microextraction, the optimized conditions were adsorbent 

mass, sonication time, pH, eluent concentration and elution time. The analyses were 

conducted using inductively coupled plasma-optical emission spectroscopy. 

The three methods were validated by analyzing NIST SRM 2778 with certified 

mercury concentration levels of 38.98 µg/kg ±1.10 µg/kg. The recoveries obtained were 

93-107 %, 99.9 % and 105 % for microwave-assisted hydrogen peroxide digestion, vortex-

assisted deep eutectic solvent based dispersive liquid-liquid microextraction and 

ultrasound-assisted magnetic dispersive solid phase microextraction, respectively. The 

limits of detection and limits of quantification obtained were 0.25 µg/L and 0.80 µg/L for 

microwave-assisted hydrogen peroxide digestion respectively. For vortex-assisted deep 



 

ix 

 

eutectic solvent based dispersive liquid-liquid microextraction, they were 0.025 µg/L and 

0.083 µg/L and for ultrasound-assisted magnetic dispersive solid phase microextraction 

were 0.035 µg/L and 0.119 µg/L, respectively. A good precision of less than 5 % was 

achieved for all the three different sample preparation methods. 

The validated sample preparation methods were applied in real fossil fuels which 

were coal and crude oil. The methods were also applied in real crude oil derivatives which 

were gasoline, diesel oil and kerosene. Coal samples were obtained in triplicates from a 

coal mine in Mpumalanga, South Africa, while crude oil samples were obtained in 

triplicates from a petrochemical company in Johannesburg, South Africa. Crude oil 

derivatives were obtained from three local filling stations around Johannesburg, South 

Africa. The concentrations obtained were 0.876±0.023-0.975±0.025 µg/g in coal samples, 

0.383±0.043-0.510±0.09 µg/g for crude oil samples, 0.306±0.010-0.390±0.035 µg/g for 

gasoline samples, 0.360±0.003-0.434±0.050 µg/g for diesel oil samples and 0.09±0.09-

0.098±0.02 µg/g for kerosene samples. 

The three different microextraction sample preparation methods were 

successfully developed and applied in fossil fuels and their selected derivatives prior to 

quantification of mercury using inductively coupled-plasma optical emission spectroscopy.  
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CHAPTER I: INTRODUCTION 

 

PREAMBLE  

This chapter provides an overview of the history of crude oil and coal. It goes into detail 

about its origins, make-up, and utilization of these energy sources. This chapter also 

discusses how mercury can be found in various energy sources and how it poses danger 

to the ecology. We highlighted some of the chosen mineralization and extraction sample 

preparation techniques along with their advantages and disadvantages. The current 

research project's problem statement and justification are presented in this chapter as 

well. Ultimately, the study's purpose and particular goals are elucidated, and then the 

dissertation's overall scope is discussed.  

1.1  Background information  

Mankind has been utilizing fossil fuels as a source of energy since the start of the 

first industrial revolution. During the First Industrial Revolution, coal was the most 

dominant fossil fuel for energy source utilized during the First Industrial Revolution [1,2]. 

For nearly a millennium, people have utilized coal as a fuel source for cooking, heating, 

and hot metal forging in their homes. Coal is still used as a source of energy in nations 

including South Africa, the United States of America, China, Russia, and India [3]. The 

former had a golden age until the 20th century before being overtaken as a major energy 

source by crude oil, natural gas, and nuclear power among other energy sources [4]. Fossil 

fuels are fossil fuels play a vital role in global economic prosperity and are regarded as 

the cornerstone for the survival of humanity [5]. In the following sections, we discuss coal, 

crude oil and derivatives such as gasoline, diesel oil, and kerosene genesis, composition, 

processing, occurrence, and negative effects of mercury in these energy sources in 

greater depth.  

1.1.1 Coal   

Coal is a remarkably complex combination of macerals and minerals and inorganic 

elements in organic associations plus liquids, gases, and semi-solid organics, all 

overprinted by coal metamorphism. Coal is a remarkably complex (primarily) biologic rock. 

Coal is a function of three fundamental aspects, each a reflection of the origin and 
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diagenesis/metamorphism of the coal: organic petrological and geochemical parameters, 

inorganic petrological and geochemical parameters, and coal rank. In simple terms, coal 

is the product of macerals, minerals, and the degree of metamorphism. 

Coal is a sedimentary deposit composed predominantly of readily combustible 

carbon. The former is found beneath the earth's surface and was formed naturally over a 

million years ago because of the burial of ancient plants and animals that were exposed 

to extreme heat and pressure (Fig. 1.1) [6]. This process generally happens in locations 

that are swampy and have groundwater close to the topsoil. The initial step in coal 

formation is peatification. The latter involves the partial breakdown of dead mosses, 

leaves, twigs, and other tree pieces to generate peat [7].  

When a river floods or the sea level rises, the marsh may occasionally be covered 

in sand and muck. With these sediments bearing down on it, the peat may eventually lose 

some of its water and gas content and transform into lignite, a soft brown coal [8]. The 

most prevalent bituminous family of coals is formed as temperatures and pressures rise 

and more water and gases are lost [8]. Finally, high temperatures and pressures cause 

bituminous coal to turn into a black matured coal called anthracite. These types of coal 

are called ranks, and they depend more on the depth of burial than time. Hence, an 

increase in rank represents an increase in the proportion of carbon within the coal [9,10].  

  

Figure 1. 1: Coal genesis [11].  
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1.1.1.1 Coal composition 

Coal is a mixture of solid, liquid, and gaseous phases with allothigenic or authigenic 

origin [12]. Coal composition depends on coal rank. However, all forms of coal have fixed 

carbon, varied moisture levels, ash, volatile matter, and mineral stuff. Low-rank coals are 

rich in ash, moisture, volatile matter, hydrogen, nitrogen, oxygen, and sulphur. This kind 

of coal has high MgO, CaO, and SO3 concentrations [13]. High coal ranks show higher 

concentrations of SiO2, Al2O3, Fe2O3, K2O, Na2O, and TiO2. The coal rank also affects 

mineral matter. High coal ranks are richer in quartz, Fe oxyhydroxides, illite, mica, chlorite, 

spinel, dolomite, and hexahydrides. While low-rank coal is abundant in gypsum, calcite, 

pyrite, montmorillonite, feldspars, zeolite, Al oxyhydroxides, and Fe, Al, and Ba sulphates 

[14] Another pollutant found in coal, albeit in trace quantities, is mercury, a target analyte 

in this study. Accurate quantitative mercury assessment in coal remains difficult to perform 

because of the former's low abundance and volatile nature [15].  

1.1.1.3 Processing of coal 

Coal is usually processed using an industrial technology called Fischer-Tropsch to 

produce ultraclean synfuels such as gasoline, diesel oil, and kerosine (Fig. 1.2). First, 

coal, biomass, waste, and natural gas are converted using steam conversion technology 

into syngas which is CO and H2 [16]. After that, the syngas is prepared as a feed for 

Fischer Tropsch technology, which turns it into syncrude, which can be refined further to 

produce commercial products [17].  
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Figure 1. 2: Schematic representation of the Fischer-Tropsch process [18].  

 

Moreover, power plants use coal to produce electricity (Fig. 1.3). To increase its 

surface area and speed of burning, coal is first ground into a fine powder. The powdered 

coal is subsequently added to the combustion chamber of a boiler and heated to extremely 

high temperatures. The heated gasses and heat energy they produce converts the water 

in the boiler's tubes from liquid into steam. The turbines that generate energy are turned 

by the steam that is created [19].   
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Figure 1. 3: Electricity generation from coal [20].  

1.1.2 Crude oil   

Crude oil is a complex, oily, flammable liquid that occurs spontaneously and is 

mostly found in deep geological locations beneath the surface of the earth (Fig. 1.4). 

Crude oil is formed when vast quantities of dead marine animals, often zooplankton and 

algae, are buried beneath sedimentary rocks and subjected to extreme heat and pressure 

[21]. Crude oil is also formed in phases. Marine life dies and is buried on the sea floor 

during the first step of the creation of crude oil. It then eventually gets covered by mud, a 

site of some bacterial degradation. These buried marine creatures also mix with inorganic 

materials that enter the ocean by rivers [22]. Over many years, high heat and pressure 

from the earth's sediments eventually form crude oil, migrating through the rocks' pores, 

cracks, and fissures, forming oil fields [23].  
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Figure 1. 4: Schematic diagram for crude oil formation process [24].  

There are two common types of crude oil: light and heavy. There are more 

saturated hydrocarbons and fewer aromatic compounds in light crude oil. For instance, 

fewer than 40 % of paraffinic hydrocarbons and more than 50 % of saturated hydrocarbons 

are present in naphtheno-paraffinic oil [25]. Conversely, any oil that is difficult to flow is 

considered heavy crude oil. It differs from natural bitumen in that it contains a significant 

amount of C15+ [26]. Furthermore, depending on the amount of sulfur it contains, crude 

oil might be classified as sweet or sour. Sweet crude oil has a comparatively low sulfur 

concentration compared to sour crude oil's high sulfur content [27].  

1.1.2.1 Crude oil composition 

Crude oil is a homogenous mixture of asphaltenes, resins, hydrocarbons, aromatic 

hydrocarbons, and hetero-functionalized organic molecules with oxygen, sulfur, and 

nitrogen [28]. The primary components of all forms of crude oil are carbon and hydrogen, 

with smaller amounts of sulfur, nitrogen, and oxygen present. The elemental composition 

of crude oils depends on the type and origin of the crude [29]. The additional elements 

exist naturally in crude oil, during the formation of crude oil. The elemental composition of 

crude oil is shown in Table 1.1. 

 

 

 

 

 

  

  

  

  

  

  

Time   

Heat and pressure   

Stage 1   Stage 2   Stage 3   
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Table 1. 1: Crude oil elemental composition [30,31].  

Element % weight 

Carbon 80-87 

Hydrogen 10-15 

Oxygen 0-5 

Nitrogen 0-1 

Metals <1 

 

1.1.2.2 Crude oil processing 

Fractional distillation is an industrial method used to separate crude oil into its 

fractional component’s fuels (Fig. 1.5). The fundamental idea behind this procedure is that 

various compounds boil at various temperatures [32]. The first step in this process is to 

infuse the necessary heat through a fired tube for fractionation. Different components of 

crude oil with different boiling points are combined and heated to higher temperatures. 

After then, as the mixture boils, creating vapor different compounds are separated, and 

the vapor seeps into the lengthy column's bottom [32]. Column interiors are applied using 

a variety of trays or decks. The draw-off products are collected, and the entering goods 

are distributed using specially made trays. The vapor cools as it travels through the trays 

and climbs through the column. A material in the vapor condenses to form a liquid when it 

reaches a height where the temperature in the column equals the boiling point of the 

material. Higher boiling point compounds condense toward the bottom of the column, while 

the substance with the lowest boiling point condenses at the top [33].   
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Figure 1. 5: Schematic representation for crude oil processing [28].  

 

1.1.3 Mercury  

As mentioned above, mercury is a trace contaminant of fossil fuels. This toxic 

contaminant exists naturally in these energy resources and cannot be controlled [34]. 

Mercury, also known as ''quicksilver metal'', is the most dangerous heavy metal, the 

negative effects of which have been widely investigated and reported [35]. This trace 

contaminant is known for being persistent in the environment and tends to accumulate in 

the internal organs of living organisms, just to mention a few health adverse effects [36]. 

This hazardous pollutant also has a negative impact on industrial machinery as well as 

the environment in general. Mercury forms amalgams with other metals, particularly 

aluminium, to generate mercury/aluminium amalgams, which typically deteriorate refinery 

equipment and lead to catalyst poisoning [37].  

Furthermore, during the combustion of these energy sources, the amalgam mixture 

is released into the atmosphere, which threatens both animal and human health [38,39]. 

Mercury is typically released into the environment because of human and natural activities. 

Figure 1.6 depicts the mercury cycle, illustrating how anthropogenic (such as refining 
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fossil fuels and burning their derivatives) and natural activities i.e. volcanic eruptions, 

release mercury into the environment. Mercury is first emitted into the environment as 

elemental mercury (Hg0) or particulate mercury (Hgp) while processing these energy 

resources. The latter is oxidized to form ionic mercury (Hg2+) in the environment. Mercury 

in this form dissolves in water. Water bodies get the dissolved mercury species, which 

transforms into methyl mercury. Fish typically consume this type of mercury through 

contamination of their food sources, which is the most poisonous, and it bioaccumulates 

in their tissues [40]. Seafood is a major source of food consumption and revenue in many 

nations [41]. Consumption of these sea food products may have detrimental 

consequences on one's health because mercury is known to bio-magnify (Fig. 1.7) [35]. 

Figure 1.8 illustrates the other routes of human exposure to mercury exposure.  

 

  

Figure 1. 6: General mercury life cycle [35].  

Human mercury toxicity varies according to the chemical form of mercury, 

concentration levels, seafood diet, length of exposure, age, gender, and state of health of 

the individual. Every mercury species has detrimental effects on human health, particularly 

on the respiratory, digestive, liver, kidney, brain, heart, and reproductive systems (Fig. 

1.7) [42].   
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Figure 1. 7: Human organs which are affected by mercury.  

Humans are exposed to mercury via different routes (if possible, name these 

various routes) (Fig. 1.8). The most common exposure route for through which humans 

can be exposed to mercury is oral, through the consumption of contaminated vegetables, 

fish, and water, among others [43,44]. Additionally, general exposure can be using 

contaminated cosmetics or damaged mercury-containing products [45]. Another route of 

mercury exposure can be occupational exposure. Under the latter, humans are exposed 

to mercury on the type of work they are doing such as, mining, manufacturing mercury-

containing products or through waste [35,46].  
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Figure 1. 8: Types of human exposure to mercury [35].  

1.2  Problem statement  

The accurate determination of mercury remains a challenge in Analytical 

Chemistry. This is due to its loss mainly during sample preparation and analysis stages 

[47][48][49]. Furthermore, the sample preparation methods currently employed before 

mercury analysis are not environmentally friendly [50][51][52].  

 These sample preparation methods include microwave-acid digestion (MW-AD), 

combustion, solid phase extraction (SPE), liquid-liquid extraction (LLE), and solid phase 

extraction (SPE) [53][54][55]. However, there are some limitations to the mentioned 

sample preparation methods. MW-AD is not greener; it employs concentrated acids that 

generate toxic and environmentally unfriendly secondary wastes. For example, 

concentrated HNO3 acid is known to produce carcinogenic nitrous oxides [56].  

Furthermore, this method uses concentrated acids like hydrofluoric acid, which are 

reported to dissolve the glass optics of the analytical instrument [57]. In contrast, 

concentrated sulphuric acid and hydrochloric acid are known to cause ICP-OES spectral 

interferences due to the high concentration of the acids and undigested carbon [58]. 

Conversely, combustion is susceptible to analyte loss and cross-contamination, while SPE 

is known to be time-consuming due to the many steps that can lead to contamination [59]. 
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Furthermore, the current adsorbents for SPE show poor selectivity for mercury and poor 

separation [60]. Lastly, LLE uses large volumes of toxic organic solvents [61]. Therefore, 

in this work, environmentally friendly micro-extraction sample preparation methods have 

been developed and applied to coal, crude oil, diesel oil, gasoline and kerosine to extract 

total mercury. The analysis was conducted using ICPOES.   

1.3  AIMS AND OBJECTIVES  

1.3.1 Aim  

The primary goal of this research was to develop environmentally friendly 

microextraction sample preparation methods followed by inductively coupled plasma-

optical emission spectroscopy to determine total mercury in fossil fuels and their 

derivatives which are gasoline, diesel oil and kerosene.  

1.3.2 Specific objectives  

The specific objectives of the proposed research project were: 

• To optimize microwave-assisted hydrogen peroxide digestion using methionine as 

a trapping reagent, vortex-assisted deep eutectic solvent-based dispersive liquid-

liquid microextraction, and ultrasound-assisted magnetic dispersive solid-phase 

microextraction for quantification of mercury in coal, crude oil, gasoline, diesel oil 

and kerosene. 

• To validate microwave-assisted hydrogen peroxide digestion, vortex-assisted 

deep eutectic solvent based dispersive liquid-liquid microextraction and 

ultrasound-assisted magnetic dispersive solid-phase microextraction before 

mercury analysis. 

• To apply the optimized and validated sample preparation methods using certified 

reference materials. 

• To evaluate the environmental impact of each sample preparation method using 

AGREEprep software. 

• To compare the analytical performance and environmental impact of the three 

sample preparation methods.  
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1.4  JUSTIFICATION  

Sample preparation is an important stage in quantitative analysis. The primary aim 

of the latter is to separate and improve the analyte(s) concentration from the sample matrix 

[62]. Therefore, it is very vital to choose an appropriate sample preparation method before 

sample analysis [62]. It is also important to comply with Green Analytical Chemistry (GAC) 

procedures when applying sample pre-treatment protocols. It is well documented that 

classical sample preparation methods have a lot of shortcomings. It is reported that 

traditional separation methods involve the consumption of large volumes of hazardous 

solvents and generate waste, which is detrimental to the environment, and are not in line 

with the current Green Analytical Chemistry principles [62]. Therefore, this study aims to 

develop efficient sample preparation techniques that can reduce negative environmental 

impacts. Micro-extraction techniques have been posed to be a solution for many 

researchers as they are considered non-exhaustive and solvent-minimizing methods [63]. 

This study focused on various micro-extraction techniques for quantifying Hg in fuel 

matrices. These include microwave-assisted hydrogen peroxide digestion (MW-AHPD), 

ultrasound assisted magnetic dispersive solid phase extraction (UA-m-DSPME) and 

vortex assisted deep eutectic solvent-based dispersive liquid-liquid microextraction 

(VADES-LLME).  

Microwave-assisted hydrogen peroxide digestion method makes use of dilute 

hydrogen peroxide instead of concentrated acids. The use of diluted hydrogen peroxide 

makes the procedure to be environmentally friendly because dilute hydrogen peroxide 

results in water as a product at high temperatures [64] [65]. The vortex-assisted-deep 

eutectic solvent-based dispersive liquid-liquid microextraction method showed several 

advantages, which include low vapor pressure, low flammability, cost-effective and zero 

loss of volatile analytes during sample preparation, less extraction time and analytes are 

in an aqueous form which eliminates the introduction of carbon compounds into the 

instruments [27]. Lastly, the ultrasound-assisted magnetic dispersive solid phase 

microextraction method showed several advantages such as (i) easy separation of the 

analyte without the use of centrifugation and filtration steps, (ii) minimum solvent used 

(µL), (iii) very fast compared to other SPE methods [66]. 
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1.5  HYPOTHESIS  

All the three proposed microextraction sample preparation methods (MWAHPD, 

VA-DES-LLME and UA-m-DSPME) followed by spectroscopic analysis are 

environmentally friendly and accurate for the determination total Hg in coal, crude oil, 

diesel oil, gasoline and kerosine samples.   

1.6  RESEARCH QUESTIONS  

The following research questions have been prepared to lead the proposed 

study through an in-depth analysis in this respect:  

• What parameters can be optimized to extract mercury at lower levels in fossil 

fuels and their derivatives?  

• Which microextraction technology is the most cost-effective, sensitive, reliable, 

and fast for determining Hg in fossil fuels?  

• Are the analytical figures of merits (performances) of the microextraction 

strategies the same or better than those reported in the literature? What is the 

environmental impact of each sample preparation method? 

• Are mercury concentration levels in South African coal, crude oil, gasoline, 

diesel oil and kerosene comparable with mercury concentrations in other 

nations? 

1.7  DISSERTATION OUTLINE  

There are six chapters in this dissertation, and each chapter is covered in the 

subsections that follow:  

Chapter one: This chapter provides an overview on fossil fuels, including crude oil 

and coal. The origins, applications, varieties, and derivatives of various energy 

resources are also highlighted. Additionally, the chapter reiterates the difficulties 

brought on by the occurrence of mercury in crude oil, coal, and their derivatives. These 

issues are seen considering the harm they cause to both living things and inanimate 
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objects. In this chapter, the problem statement, hypothesis, rationale, aim, and 

objectives are all emphasized.  

Chapter two: This chapter examines published research on quantifying the total 

concentration of mercury in non-aqueous matrices critically. Reviewing the various 

techniques for sample preparation to determine mercury levels is the main goal of this 

chapter. Wet digestion, combustion, and extraction (liquid-liquid, cloud point, and solid 

phase) were among the several sample preparation techniques that were 

documented. The chapter goes on to address the optimization techniques used to 

improve the processes for preparing the samples that were covered.  

Chapter three: The outcomes of microwave-assisted hydrogen peroxide digestion 

(MW-AHPD) with dilute hydrogen peroxide application for Hg extraction and 

quantitative analysis are presented in this chapter. This chapter also covers the 

multivariate optimization stage for the five important extraction parameters (digestion 

temperature, duration, methionine concentration, hydrogen peroxide concentration, 

and sample mass). Furthermore, the instrument's working conditions for analysis 

(ICP-OES parameters) and digestion (microwave parameters) are covered in more 

detail in this chapter. Using the AGREEprep program, this chapter assesses the 

suggested method's greenness in the end.  

Chapter four: The synthesis and characterization of the deep eutectic solvents 

(DESs) utilized in the vortex-assisted deep eutectic solvent-based-dispersive liquid-

liquid microextraction (VA-DES-DLLME) method for mercury extraction are 

presented in this chapter. FT-IR, TGA, and 13C NMR were the characterization 

techniques that were covered. More in-depth information about method optimization, 

validation, and application of the DES-based dispersive liquid-liquid microextraction 

which was assisted using a vortex (VA-DES-DLLME) is presented in this chapter. 

The multivariate optimization of the parameters influencing the suggested VA-

DESDLLME is discussed in this section. Centrifugation time, pH, DES volume, 

extraction time, and dispenser solvent volume are among the optimized parameters. 

Following the multivariate optimization process, this chapter additionally presents 

and analyses the outcomes derived from the optimal parameters. The use of ICP-

OES for target analyte analysis and results comparison with other literature 
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publications are also highlighted in this chapter. Finally, using the AGREEprep 

program, the suggested method's greenness is evaluated and discussed.  

Chapter five: This chapter describes the synthesis and characterization of magnetic 

nanoparticles used in an ultrasound-assisted magnetic dispersive solid phase 

microextraction (UA-m-DSPME) technique to recover mercury from fuel oils. 

Graphene oxide (GO), magnetic graphene oxide (Fe3O4-GO), and magnetic 

graphene oxide covered with gold (Fe3O4-GO-Au), were the synthesized 

nanocomposites. The techniques used for characterization were FT-IR, UV visible, 

TGA, SEM-EDS, TEM, BET, and P-XRD. The outcomes of (UA-m-DSPME) process 

are further discussed in this chapter. Multivariate optimization was used to investigate 

several factors that impacted the extraction process, including the amount of sorbent, 

the adsorption time, pH, eluent volume, and the desorption duration. The UA-

mDSPME's results were presented and contrasted with those of other literature 

publications. The adsorbent was used to extract the amount of mercury in fuel 

samples overall. It is detailed how the suggested method's greenness is evaluated 

using the GREEprep software.  

Chapter six: This chapter presents all the study project's findings and contrasts the 

outcomes of the three sample preparation techniques. This chapter concludes by 

discussing the project's overall conclusion statements and providing 

recommendations for the future. It is important to note that each chapter ended with 

a reference list.  
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CHAPTER II: LITERATURE REVIEW  

 

PREAMBLE  

This chapter begins by providing some background information on mercury, its 

presence in the environment, and its detrimental impacts on the ecosystem. 

Furthermore, this chapter evaluates and critically examines sample preparation 

techniques and optimization strategies for mercury extraction from non-aqueous 

matrices that have been reported in literature. Each strategy’s advantages and 

disadvantages are also covered. The chapter goes into further detail on the 

characterization techniques that are utilized for the characterization of synthesized 

adsorbent materials that are used for the preconcentration of mercury in non-aqueous 

matrices. Furthermore, it details the spectrometric methods used in quantitative 

measurements of mercury. Finally, an analysis of the optimal strategy, analytical 

methodologies, and sample preparation methods that performed best in quantifying 

total mercury was conducted.  

2.1  Background information  

Mercury (Hg), also known as “quicksilver”, is a trace element that is found in the 

environment since the beginning of time. It is established that this metal is bio-toxic, 

volatile, persistent, and accumulates in organs and living things (humans and plants) 

[1]. This chemical element exists as a liquid at standard temperatures and pressures. 

It is usually found in ores such as cinnabar (mercuric sulfide), cordierite (mercuric 

sulfide chloride), and Livingstone (mercury antimony sulfosalt) [2]. Mercury is released 

into the environment through both anthropogenic and natural processes. Elemental, 

inorganic, and organic forms are the three forms in which the element exists in. Each 

form has distinct characteristics, toxicity, health risks, and precautions to avoid 

exposure [3]. Organic Hg compounds are considered the most poisonous species 

which can result in lung cancer, risks of brain cancer, and kidney cancer among others 

[4].  
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2.1.1 Physical and chemical properties of mercury 

Mercury has unique physical properties, and they are summarized in Table 2.1. It 

can be highlighted that mercury has high density and surface tension, it is soluble with 

some metals like gold and silver giving amalgams. Furthermore, this element is soluble in 

water, has high specific gravity and it is a poor conductor of heat, but it contracts and 

expands evenly when the temperatures change[5]. 

Table 2.1: Physical properties of mercury[6]. 

 

The chemical properties of mercury are also unique. Mercury dissolves in 

concentrated sulfuric acid and nitric acid to give sulfate and nitrate salts. It also reacts with 

other metals except for iron, zinc, copper, manganese, and platinum to form amalgams 

and it can corrode aluminum [6]. 

 

Physical property Quantity 

Atomic number 80 

Relative abundance 5x10-5 

Boiling point 357 0C 

Density 13,546 g/cm3 at 20 0C 

Viscosity 1.685 at 0 0C 

Heat capacity 0.0332 cal/g at 20 0C 

Melting point -38.87 0C 

Surface tension (in air) 436 dyne/cm at 20 0C 

Electrical conductivity 1.063x10-4 at 0 0C, mΩ-1mm-2 

Thermal conductivity 1.063x10-4 at 0 0C, mΩ-1 mm-2 

Thermal expansion coefficient 1.86x10-4 at 0-100 0C 

Crystal structure Rhombohedral 



 

24 

 

2.1.2 Species of mercury 

Mercury exists in three valence states (0, I and II) and is mostly found in three 

different forms. Each of these different forms have their unique properties, toxicity, 

implications for health and measures to prevent exposure. The three forms of mercury 

are, elemental mercury (Hg0, metallic mercuric and mercury vapor), inorganic mercury 

(Hg+ and Hg2+) and organic mercury (methyl and ethyl mercury)[7]. 

Elemental mercury has a peculiar behavior in that it exists as a monoatomic in 

the vapor phase and has a relatively high vapor pressure at 20 0C. It is known as a 

volatile species at room temperature and pressure.  This species of mercury has a 

wide range of applications. It is used in chlorine-alkali manufacture, dental amalgams, 

electronic switches, and fluorescent lamps[8]. When Hg0 is oxidized in the air, it forms 

inorganic mercury (Hg+ and Hg2+). Inorganic mercury is used in a range of medical and 

cosmetic products such as antiseptics, teething powders, and skin lightning creams. 

Inorganic compounds can either be mercury in monovalent (mercurous-Hg+) or 

divalent (mercuric-Hg2+). Lastly, the other form of mercury is organic mercury. The 

organic mercury compounds are mainly alkyl mercury and phenyl mercury. The phenyl 

mercury compounds are used in preservatives in medicine. The alkyl mercury 

compounds are mostly found in the environment [8]. 

2.1.3 Occurrence of mercury in non-aqueous matrices 

All environmental media contain trace levels of this persistent contaminant. This 

comprises, among other things, food matrices, crude oil, diesel oil, gasoline, kerosene, 

biodiesel coal, sediments, plants, rice, soil, animal tissues, and rocks. In soil and 

sediments, mercury can be found as inorganic and organic-mercurial salts [9] . In coal, 

it exists naturally and is locked as mercury sulfide or organic mercury but released as 

gaseous mercury when coal is burnt above 90 0C [10]. Food matrices such as rice, 

cereals, fish, shellfish, and plant foods also contain this contaminant in trace amounts. 

Industrial discharge and atmospheric depositions are the main ways aquatic 

organisms are exposed to mercury. The use of tainted phosphate fertilizers in farming 

practices and stomatal respiration are two further ways that plant foods might absorb 

mercury [11] [12].  
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Additionally, oily matrices such as crude oil, gasoline, diesel oil, kerosene and 

edible oils have been reported to contain mercury. People regularly eat foods that are 

contaminated with Hg, such as edible oils. The food's flavor and texture can be 

enhanced by the presence of this trace element. Additionally, the consumption of these 

contaminated food products provides nutrition and energy to the human body [13][14]. 

These oils are found in plants like sunflower, rapeseed, and olives as well as in animals 

like fish. However, Hg contamination of food oils can be because of air, water, and soil 

pollution [14] . Mercury is added to biodiesel similarly to edible oils since it is an 

unpredictable element that occurs naturally in plants. Fuel called biodiesel is 

synthesized by chemically combining an alcohol such as methanol with vegetable or 

animal fat. Its primary usage is as a diesel engine substitute fuel [15]. Finally, mercury 

is naturally occurring in fossil fuels like crude oil [16]. Utilizing fractional distillation, the 

latter is separated to yield a range of hydrocarbons and serves as a source of energy. 

During refining, shipping, and storage, mercury can also contaminate the generated 

fractions of crude oi l[17] .  

Most scholars have recently expressed interest in determining the amount of 

mercury in various non-aqueous matrices. This is due to the detrimental effects of 

large concentrations of these elements on plants, animals, and human tissues. The 

primary obstacle in quantifying mercury from these matrices is that most analytical 

instruments cannot quantify the samples directly. Hence sample preparation methods 

are required before instrumental analysis. The recent developments and paradigm 

changes in sample preparation techniques for the complete quantification of mercury 

in complex matrices will be thoroughly examined in this review. As a result, this will 

assist in identifying the gaps in sample preparation techniques for complex matrices 

and consequently offer appropriate suggestions for upcoming cleanup tactics.  

2.2 Sample preparation methods for total determination of Hg in nonaqueous 

matrices 

In chemical analysis total determination refers to quantifying the total amount 

of an analyte in a sample. Four main processes are taken in elemental research and 

other analytical studies. This covers sampling, sample preparation, and data 

interpretation. When quantifying mercury, the first three processes provide significant 
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challenges. This is due to the volatile nature and high memory effects of mercury 

during analysis. However, sample preparation is the most crucial and challenging step 

as it prepares the samples to be compatible with most analytical techniques. Sample 

preparation also preconcentrates the target analyte(s) if present in trace level 

concentration, improving the analytical techniques' detection limits. The sample 

preparation techniques include extraction (liquid-liquid extraction and solid phase 

extraction), thermal (combustion), or wet digestion employing concentrated acids.  

  

Figure 2. 1: Different sample preparation methods for the spectrometric determination 

of total mercury in non-aqueous matrices.  

2.2.1  Mineralization sample preparation methods  

The process of mineralization, also referred to as wet digestion, basically uses 

concentrated mineral acids' oxidizing and dehydrating qualities to break down sample 

matrices [18]. Sample matrices are mineralized in this process to produce aqueous 

solutions that work with analytical equipment. Strong oxidizing substances, either 

alone or in mixtures, including H2O2, and mineral acids, such as HNO3, HF, HCl, and 

H2SO4, are typically included in the digesting mixtures. It is commonly known that 

HNO3, out of all the oxidants used in wet digestion, is the most desired since it can be 

manufactured in high purity and may be used to oxidize nearly all organic molecules. 

The breakdown of silica-containing organic matrix, such as coal, is primarily 

accomplished by HF [19]. However, several of these oxidizing agents have some 

disadvantages, including spectrum interferences (HCl, HClO4, and HF) during ICP-MS 

analysis, safety concerns (HF and HClO4), detrimental effects on the spectrometric 

instruments' glass optics (HF and H2SO4), matrix effects (H2SO4 and H3BO3), and 
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other issues. Mineralization can occur in closed containers, such as microwave 

radiation or open vessels, such as hot plates and heating blocks (Fig. 2.2).  

  

Figure 2. 2: Various techniques for the preparation of mineralization samples before 

spectrometric measurement of total mercury in non-aqueous matrices.  

2.2.1.1  Microwave-assisted digestion (MW-AD)  

Microwave-assisted digestion is the mostly utilized method under mineralization 

[20]. Molecules are moved by microwave energy by ion migration and dipole rotation. 

The efficient heating of materials using microwave dielectric heating effects is the 

foundation of microwave assisted processes. The ability of a material (such as a 

solvent or reagent) to absorb microwave radiation and convert it into heat determines 

the efficiency level. This method reduces the amount of acid needed, digestion time, 

cross-contamination, and loss of volatile species [21].  

In contrast, these methods effectively decompose the organic matrix by using 

concentrated acids. It is commonly known that as the organic material is being 

destructively oxidized, concentrated acids such as HNO3 release large amounts of 

carcinogenic nitrous gases. It was therefore advised to use diluted acids to address 

the issues that concentrated acids brought about. The former may lead to a large 

residual carbon content and poor recoveries due to partial breakdown of the organic 



 

28 

 

material. Furthermore, using ICP-based analytical techniques might cause both 

spectral and non-spectral interferences due to excessive residual carbon. The physical 

properties of the solution can be altered by the microwave digests' high acid 

percentage and residual carbon content. It can also alter the target analyte's transit to 

plasma and aerosol generation. This may result in a reduction in the emission (ICP-

OES) or m/z (ICP-MS) signal, raising the background and detection limit. Therefore, it 

is strongly advised to utilize diluted hydrogen peroxide in this situation [22]. Table 2.1 

summarizes and delves into the discussion of all the work presented under MW-AD for 

the complete determination of mercury in non-aqueous matrices.  

2.2.1.2  Heating block assisted digestion 

Open vessel digesting techniques also make use of heating blocks. The former 

uses heater technology and is microprocessor-controlled. It's employed for heating 

samples in vials, flasks, and tubes. It's the perfect tool for reliable findings and exact 

temperature stability [23].   

In 2013, Park and coworkers [24] developed a method for determining total 

mercury using heat block-assisted digestion. Common laboratory acids (HCl, HNO3, 

H2SO4 and aqua regia) were used as oxidizing agents. Precision ranging from 1.71 – 

6.55 % for soil and 0.97-12.11 % for coal, and recoveries ranging from 91.11 to 102.28 

%, were archived. Another study on the use of a heating block was reported by Oreste 

and coworkers [25]. Their focus was on determining total mercury in biological samples 

using CV AAS. In their procedure, samples were digested with HNO3 for 2 h in a 

heating block digester. The limit of detection (LOD) was 0.08 µg/L.  

2.2.1.3  Hot plate assisted digestion   

In open-vessel acid digestion processes, hot plates are used. In essence, an 

acid attack occurs in heated, exposed containers, like beakers or screw-top vials, 

during open vessel digestion. This technique is very useful for routine analysis since it 

can be used to control various digestion parameters like temperature, time, and the 

addition of reagents. However, the boiling point of the appropriate acid or acid mixture 

at ambient pressure sets a restriction on the maximum digestion temperatures. Open 

vessel digestion also has the drawback of possibly losing trace elements and needing 
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a lot of chemicals, which increases the possibility of contamination from laboratory air. 

Open vessel acid digestion has therefore not been thought of as a cutting-edge 

technique for producing trace and ultra-trace samples [23]. 

The data in Table 2.1 provides an overview of the various mineralization 

techniques used to determine the total amount of mercury in non-aqueous matrices. 

According to this data, the most popular method under mineralization is microwave-

assisted digestion.
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Table 2. 1: Different wet digestion methods applied to non-aqueous matrices before quantification of Hg.  

Matrix Sample 

preparati

on 

Reagent Mass 

(g) 

Temperature 

(℃) 

Time 

(min) 

Analytical 

technique 

LOD 

(µg/kg) 

R2 Accuracy 

(%) 

RSD 

(%) 

Ref. 

Plankton MW-AD HNO3 0.2 85 720 CV-AFS 0.0049  86.4-97.2 3.7-8.1 [26] 

Fish MW-AD HNO3/H2O

2/HClO4 

0.3 210 15 CV-AFS 0.118 0.9955 90.1-105.8 <3.0 [27] 

Fish MW-AD HNO3/H2O

2 

N/R 190 10 CV-AAS 15 0.99 N/R N/R [28] 

Fishery 

products 

MW-AD HNO3/HCl

/H2O2 

1 N/R N/R CV-AAS 20 N/R N/R N/R [29] 

Swordfish MW-AD HNO3/H2O

2 

0.75 190 10 CV-AAS 15 0.99 N/R N/R [30] 

Canned 

fish 

MW-AD HNO3/H2O

2 

0.2 180 30 ICP-MS 2 0.9994 95.6 12.1 [31] 

Fish MW-AD HNO3 1 200 10 AAS N/R N/R 101 N/R [32] 

Fish MW-AD HNO3/HCl

/H2SO4 

0.2 N/R 15 CV-AAS 8 0.9813 91 9 [33] 

Fish MW-AD HNO3 0.4 180 15 ICP-MS 0.006 N/R 92 <10 [34] 
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Fish  MW-AD HNO3/H2O

2/HCl 

0.5 N/R 31 CV-AAS 0.3 N/R 95 <10 [35] 

Fish MW-AD HNO3/H2O

2/HCl 

0.1 180 30 ICP-MS 0.006 N/R 95.4 N/R [36] 

Fish 

tissues 

MW-AD HNO3 0.4 180 15 ICP-MS 0.006 N/A 92-98 10 [37] 

Fish 

muscle 

MW-AD HNO3/H2O

2 

0.2 N/R N/R CV-AAS N/R 0.867 102.3 N/R [38] 

Fish MW-AD HNO3/H2O

2 

0.5 185 14.5 ICP-MS 0.4 N/R 89-110 <15 [39] 

Bauxite MW-AD HCl/HNO3 0.5 150 1440 FI-CV-

AAS 

0.023 0.999 95-111 1.5 [40] 

Seafood  MW-AD HNO3/H2O

2 

0.9 180 40 ICP-OES 1.3 N/R N/R 9 [41] 

Medicinal 

plants 

MW-AD HNO3 1 165 30 ICP-MS 50 0.9995 N/R 8.32 [42] 

Milk 

powder 

MW-AD HNO3 N/R 190 8.47 HG-AAS 0.2 0.998 92-108 <6.5 [43] 

Meat MW-AD HNO3/H2O

2 

0.2 90 20 ICP-MS 3 N/R 96-102 <10 [44] 
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Edible and 

non-edible 

tissues 

MW-AD HNO3/H2O

2 

0.5 200 20 CV-AAS N/R N/R 82.75-

90.20 

N/R [45] 

Plant 

tissue 

MW-AD HNO3 0.4 N/R N/R ICP-OES N/R 0.999 90-99 N/R [46] 

Seafood MW-AD HNO3/H2O

2/HCl 

0.2 180 15 ICP-MS 0.72 0.9991 97-103 3.5 [47] 

Hair MW-AD HNO3 0.1 50 10 GF-AAS 0.1 0.995 90-110 N/R [48] 

Food MW-AD HNO3/H2O

2 

1 200 15 CV-AAS 0.050 0.9998 97.5 0.7-9.0 [49] 

Dietary 

suppleme

nts 

MW-AD HNO3/HCl 0.5 110 15 ICP-OES 1.0 0.999 92.12-

102.08 

10 [50] 

Rice MW-AD HNO3 0.2 180 10 CV-AAS 0.95 N/R N/R 1.98 [51] 

Muscle 

tissue 

MW-AD HNO3 1 200 10 CV-AAS 7.0 0.9688 98.9 N/R [52] 

Leather 

and fur 

MW-AD HNO3/H2O

2 

0.2 220 20 ICP-AES N/R N/R 98.1-102.6 0.7-3.0 [53] 

Yellowfin 

tuna 

MW-AD HNO3 N/R 200 10 CV-AAS 70 N/R N/R <10 [54] 
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Seafood MW-AD HNO3/H2O

2 

1 190 20 ICP-MS 2 0.999 89.7 5.1 [55] 

Muscle 

tissue 

MW-AD H2O2/HCl 0.25 N/R N/R ICP-MS 0.002 N/R N/R 0.8 [56] 

Hair MW-AD HNO3/H2O

2 

0.2 25 10 CV-AAS 0.133 0,999 99.2-95.5 <10 [57] 

Mushroom MW-AD HNO3 1 160 10 CV-AAS 9 N/R N/R N/R [58] 

Food MW-AD HNO3/H2O

2 

1 190 15 ICP-MS N/R N/R 70-120 N/R [59] 

Feathers MW-AD HNO3/H2O

2 

0.1 100 1440 CV-AAS N/R 0.9996 88.6-99.2 <15 [60] 

Vegetable

s 

MW-AD HNO3/HF 1 95 30 ICP-MS N/R N/R 130 N/R [61] 

Food MW-AD HNO3/H2O

2 

0.25 NR N/R ICP-OES 9 N/R N/R N/R [62] 

Coal MW-AD HNO3/HF 0.05 240 60 ICP-MS 1.220 0.9999 95.7-

106.28 

0.34 [63] 

Particulate 

matter 

MW-AD HNO3 N/R 180 10 GFAAS 1 N/R N/R N/R [64] 
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Seaweeds HB-AD HNO3 0.5 95 120 CV-AFS 0.6 0.9999 95.6 4.2 [65] 

Crude oil HB-AD HNO3 0.5 140 120 CV-AAS 8.6 0.9999 75-123 10 [66] 

Fish tissue HB-AD HNO3 0.5 25 120 C-VAAS NR NR 91-97 NR [67] 

Soil and 

coal 

HB-AD HCl, 

HNO3, 

H2SO4and 

aqua regia 

N/R 30 and 90 120 and 

70 

CV-AAS 0.08 N/R 42.39-

162.71 

1.71-

6.55 

and 

0.97-

12.11 

[24] 

Biological 

samples 

HB-AD HNO3 N/R 120 90 and 

120 

CV-AAS 14 0.9998 N/R 5.3 [25] 

Rice HP-AD HNO3/HCl

O4/H2SO4 

0.1 230 30 CV-AAS 0.1 0.9994 80-118 N/R [68] 

Note: [N/R]- Not reported, [MW-AD]- Microwave-assisted acid digestion, [CV-AAS]- Cold vapor atomic absorption spectroscopy, [ICP-MS]Inductively 

coupled plasma mass spectrometry, [ICP-OES]- Inductively coupled plasma optical emission spectroscopy, [CV-AFS]- Cold vapor atomic fluorescence 

spectroscopy, [GFAAS]- Graphite furnace atomic absorption spectroscopy, [FI CV-AAS]- Flow injection cold vapor atomic absorption spectroscopy, [HG-

AAS]- Hydride generation atomic absorption spectroscopy.  
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 Hot plate-assisted digestion is the least popular technique for sample 

preparation at the same time. Fossil fuels are the least reported matrix, whereas fish 

samples are the most investigated matrix. Nitric acid appears to be the most popular 

oxidizing agent. This is because the acid works well with most analytical tools [27]. The 

reported mass of the sample varied from 0.1 g to 1 g. This sample preparation 

procedure used a temperature range of 20 to 230 °C and a time range of 10 to 1440 

minutes. The analytical method most frequently used to determine the total amount of 

mercury in non-aqueous matrices was cold vapor atomic absorption.  

Santos and coworkers [26] used a simple digesting process using CV AFS to 

measure the amount of mercury in plankton. Their optimum conditions were 85 °C for 

temperature, 3 mL w/w 65 % HNO3 or 3 mL 50 % v/v HNO3, and 12 h digestion time. 

Their precision ranged between 3.7 % to 8.1 %, and the recoveries were between 86.4 

and 97.2 %. Yánez-Jácome and coworkers [27] published a report on another 

fascinating investigation in 2020. by determining the total mercury in fish after an MW- 

mL HClO4, an irradiation temperature of 210 ℃, and 35 min of mineralization time 

resulted in accurate performance. The accuracy of their method ranged from 90.1 to 

105.8 %, w AD followed by CV-AFS. Small volumes of reagents such as 1 mL HNO3, 

1 mL H2O2, and 1ith a precision ranging from 1.5 to 4.2 %. The MW-AD protocol was 

also reported in 2018 by Esposito and coworkers [28] to determine the total mercury in 

Swordfish. A mixture of HNO3 /H2O2 was used as an oxidizing agent and samples were 

digested under pressure for 10 minutes at 190. From the table, a lot of MW-AD work 

has been reported for mineralizing fish and fish-related samples from 2013 to 2023. It 

is worth noting that other samples such as hair, mushrooms, crude oil, Bauxite, plants, 

seaweed, herbs, feathers, particulate matter, canned vegetables, rice, and muscle 

tissue were also investigated under MW-AD. 

A few studies have also been published on heating block-assisted digestion. For 

example, in 2015, A Karim and coworkers [65] reported the determination of mercury 

in seaweeds by CV-AFS. Their primary objective was to compare four methods for acid 

digestion of seaweed. All digestions were conducted using nitric acid. Recoveries of 

95.6 % with a precision of 4.2 % were obtained. Pontes and coworkers [66]   conducted 
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a study for the determination of total mercury in crude oil and related products.  

Recoveries obtained ranged from 75-123 %, and precision ≤14 was obtained. In 2017, 

E. Mohammed and coworkers[78] optimized an acid digestion procedure . The 

samples were digested at 25 ℃ for 120 minutes, nitric acid was also used as a digestion 

solvent. Recoveries ranging from 91 to 97 % were obtained. In 2013 C. Park and 

coworkers [67] reported a simple and accessible analytical method for determining 

mercury in soil and coal. Among all common laboratory acids, aqua regia was most 

effective for soil CRM, while coal HNO3 was more effective. In this procedure, samples 

were treated with HNO3 for two hours in a digester block at a temperature between 90 

and 120 °C [26].  

As mentioned, hot plate-assisted digestion procedures are the least reported 

mineralization protocols. This might be due to the method's limitations, the high risks 

of cross-contamination, and the loss of volatile species. As it is known, mercury is 

highly volatile; hence, many scholars do not utilize this procedure for the total 

determination of mercury [68]. .   

2.2.2  Combustion sample preparation methods   

Combustion is the process of thermally decomposing organic substances into 

simple organic matter. This exothermic reaction gives CO2 and H2O as the main 

product [18]. The reaction may be described as illustrated below for compounds 

containing only carbon, hydrogen, and oxygen (Eq. 2.1).  

CaHbOc + O2 → CO2 + H2O   −∆H                                                   Eq. 2. 1                                                                                      

These processes consist of microwave-induced combustion (MIC) and ashing, 

both wet and dry (Fig. 2.3). Analytes that are not volatile after burning are typically 

present, and combustion products can be dissolved in an appropriate solution before 

analysis [19].  
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Figure 2. 3: Combustion techniques commonly applied in sample preparation and 

quantification of total mercury in non-aqueous matrices, determined 

spectroscopically.  

2.2.2.1.  Microwave-induced combustion  

In this system, researchers combined the advantages of microwave-assisted 

wet digestion and traditional combustion. The general protocol for MIC digestion is to 

prepare the material into pellets of up to 0.5 g and place them on a filter paper disk. 

After that, the disk is placed into a quartz vessel holder with an absorbing solution. 

Usually, an ammonium nitrate solution is applied to the filter paper disc to ignite it. The 

vessel holder is then sealed and under oxygen pressure (up to 25 atm). Applying 

microwave radiation triggers the start of combustion. Refluxing stages can be added 

to aid in the target analyte's complete recovery. Dilute acids are used to absorb metals 

and metalloid [15]. Low detection limits are attainable for most necessities due to the 

sample mass. Due to the closed vessel used in this technique and the ability to digest 

organic matrices that are challenging to dissolve, there is little chance of sample 

contamination. Nevertheless, several drawbacks have been reported, such as a 250 
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mg sample size limitation, the need for pricey oxygen quartz jars, and a high 

concentration of chlorine [12].  

Abdul Karim Talaq Mohammad and coworkers [84] reported using ICP-OES to 

determine the mercury content of crude oil following digestion through microwave-

induced combustion. Mercury concentrations were found to be 0.4169 µg/g and 1.504 

µg/g, respectively. The precision of the reported method was 2 %.  

2.2.2.1.  Muffle furnace-assisted ashing   

The primary use of a muffle furnace is for dry or wet ashing. The external thermal 

energy is continuously provided by the comparatively basic structure of a traditional 

muffle furnace by the release of Joule heat, which occurs when an electric current 

passes through a conductor. Nichrome and alchrome are two common examples of 

high-temperature alloys, with maximum heating temperatures of 1100 and 1250 °C, 

respectively. Molybdenum disilicide and silicon carbide are two common silicon 

compounds that have maximal heating temperatures of 1300 and 1800 °C, 

respectively. High-temperature alloys are less brittle than silicon compounds, but they 

can corrode more easily, especially in gasses that contain sulfur [68].  

For dry ashing a sample between 0.1 and 1 g is weighed in a crucible without 

any oxidizing agent added and then put inside the muffle furnace.  The sample is 

heated to high temperatures usually between 450 and 550 °C within the muffle furnace. 

An acid such as nitric acid is added to the heated ash to dissolve the analytes; the 

dissolved material is then diluted with water for analysis. In wet ashing, like in dry 

ashing, the sample is heated in a muffle furnace and then acid is added until it dries.   

Challenges associated with both dry and wet ashing sample preparation 

techniques include sample heating, airborne contamination, loss of volatile 

components from open systems, and longer preparation times. It can take up to twelve 

hours to heat a muffle furnace [68][69][70]. Table 2.2 summarizes combustion sample 

preparation methods for quantitatively determining total mercury in non-aqueous 

matrices. 
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Table 2. 2: Determination of Mercury from different matrices using combustion method.  

Matrix Sample 

preparation 

method 

Analytical 

technique 

Absorbing 

solution 

Mass 

(g) 

Temperature 

(℃) 

Time 

(min) 

RSD 

(%) 

Accuracy 

(%) 

LOD 

(µg/kg) 

Ref. 

Cereals MIC AAS HNO3 0.7 N/R 5 N/R 92-100 21 [71] 

 

Soil MIC CV-AAS HNO3 0.3 N/R 25 N/R N/R 9 [72] 

Coal (NIST 

1632c and 

BCR 40 

MIC ICP-

OES/CV-

AAS 

HNO3 N/R N/R 10 <15 >95 N/R [73] 

Graphite MIC CV-AAS HNO3 0.1 N/R 10 N/R N/R 0.012 [74] 

Pharmaceutical MIC ICP-MS HNO3 0.5 N/R 10 N/R 96 N/R [75] 

Graphite MF-AA CV-AAS HNO3 1 1000 240 N/R N/R N/R [76] 

Plant MF-AA ICP-MS HCl 4 500-600 120  <2 N/R [77] 

Note: [N/R]-Not reported, [MIC]-Microwave induced combustion. 
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In general, to the best of our knowledge, there are few studies reported under 

this protocol. This might be due to the susceptibility of the method to loss of volatile 

species, as it is well-known that mercury is volatile. When zooming in on the 

combustion procedure, microwave-induced combustion was the most favored 

technique.  

For example, in 2020 Souza and coworkers [71] employed MIC to determine 

mercury in cereal. The sample mass was 700 mg, and HNO3 was an absorbing 

solution. An accuracy of 100 % and the limit of detection of 21 µg/kg were achieved. In 

2016 Enders and coworkers [73], developed a method based on MIC to determine total 

mercury in coal NIST 1632c. Nitric acid was also used as an absorbing solution. The 

procedure took 10 minutes, and recoveries of >95 % were obtained. To our best 

knowledge, only one study has been reported from 2013 to 2023 for the total 

determination of mercury in non-aqueous matrices. The study was reported by 

H.Muller and coworkers [76] as a comparative study for the total determination of 

mercury in plant samples. Poor recoveries of less than 2 % were obtained. 

2.2.3  Extraction sample preparation methods  

 This is a separation process that involves the separation of a substance from a 

matrix. The first method eliminates organic content from the samples and raises the 

target analyte's detection limits. Cloud point extraction, ultrasound-assisted extraction, 

microwave-assisted extraction, and solid phase extraction (SPE) are a few of 

extracting methods (Fig. 2.4).  
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Figure 2. 4: Different extraction methods (such as SPE and LLE) used prior total 

mercury determination in non-aqueous matrices using analytical 

techniques  

2.2.3.1  Liquid-liquid extraction  

Liquid-liquid extraction (LLE) is a method that uses a solvent to separate one or 

more substances from a mixture. This process uses a variety of solvents, and selecting 

the right extracting solvent is paramount in achieving high efficiency [9]. Various 

extraction techniques for the measurement of total mercury are listed under this 

protocol. These include liquid-liquid microextraction (LLME), and extraction induced by 

emulsion breaking (EIEB) among others.   

There are several types of LLME protocols which are reported in the literature.  

Under this extraction technique, we have dispersive liquid-liquid microextraction 

(DLLME), single-drop liquid-liquid microextraction (SD-LLME), and hollow fibre liquid-

liquid microextraction (HF-LLME).  
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2.2.3.1.1  Dispersive liquid-liquid microextraction  

In 2006, Mohammad Rezaee and coworkers [77] developed D-LLME (Fig. 2.5), 

a unique method for removing and preconcentrating organic molecules from water 

samples. The following are the fundamental ideas behind the D-LLME technique: a 

water-immiscible extraction solvent and a dispersive solution comprising the disperser 

solvent, which is miscible with both aqueous and extraction solvents, are rapidly 

injected into an aqueous sample containing target analytes. When the mixture is gently 

stirred, a cloudy solution forms in a test tube with droplets of the extraction solvent 

scattered throughout the sample solution. The aqueous phase and the extraction 

solvent provide a very large contact area, which allows analytes to be quickly removed 

into the extraction phase. Centrifugation is used to separate the extraction phase, and 

then analytical techniques are used to identify the enriched analytes in the sedimented 

phase, with or without further treatment. This protocol has recently gained popularity 

in the total determination of Hg in some solid and oil matrices [78]. 

  

  

Figure 2. 5: Schematic representation of dispersive liquid-liquid microextraction [79].  

In 2014, Mohadese Hossien-poor-Zaryabi and workers [80] reported the 

determination of Hg in pine leaves, river fish, and cigarettes using D-LLME. The 

enrichment factor, LOD and correlation coefficient of their method were 39, 0.15 µg/L, 

and 0.998, respectively. In 2018, Mohammad Hossein Habibollahi  [81] reported a 
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study for the determination of mercury in soils and vegetables using DLLME. Analytical 

figures of their method were as follows: the enrichment factor was 114, the detection 

limit was 0.03 µg/kg, the linear range was 0.1-100 µg/kg, and the precision was 4.1 %. 

The DLLME method's benefits include high recovery, high enrichment, low cost, speed, 

and ease of operation [82].  

2.2.3.1.2  Cloud point extraction  

The cloud point extraction (CPE) method is another new and potentially green 

alternative preconcentration method to conventional liquid-liquid extraction. The former 

relies on the phase separation that non-ionic surfactant aqueous solutions show, which 

turns turbid and splits into two phases when heated above the cloud point temperature 

(Fig. 2.6). Usually, surfactants are absorbed at the interface between the phases where 

the polar head directs to aqueous part and hydrophobic tail towards lipophilic layer 

[83][84].  

   

Figure 2. 6: Schematic presentation of CP-DLLME [85].  

In 2021, Meiyi Xie and coworkers [86] well-documented the determination of 

trace levels of mercury in soil samples using the cloud point technique. They used a 

chelating agent sodium diethyldithiocarbamate and triton X-114 as a surfactant in their 

procedure. Recoveries in the range of 85.3-110 % were obtained. Li-ping Yu [87] also 
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reported the determination of mercury from fish samples using the cloud point 

extraction method. A surfactant of 0.08 % w/v triton and 0.04 % w/v ammonium 

pyrrolidine dithiocarbonate (APDC) chelating agent were used in their procedure. Low 

detection limits, which ranged from 2 to 9 ng/L were obtained.   

A few other notable benefits of CPE are its affordability, ease of usage, and use 

of safe environmental solvents. However, it also has certain drawbacks, particularly 

concerning the surfactant-rich phase, which can affect the sample injection system and 

is quite dense at high concentrations [88].  

2.2.3.1.3  Single drop microextraction   

Single-drop microextraction (Fig. 2.7) was introduced in the mid-1990s by Liu 

and Dasgupta [89] as a method that involved using a single liquid drop to extract 

analytes. This technique consists of exposing a drop of organic solvent to the sample 

containing the target analytes for a predetermined amount of time. Then, before being 

collected and determined, the organic drop preconcentrates the relevant analytes [90]. 

SDME has several benefits that make it appealing, including simplicity (no need for 

specialized equipment), low cost, decreased solvent use and waste production, and 

absence of sample carryover. Solvent displacement in SD-LLME, however, is a serious 

drawback of this sample preparation method [90]. Two approaches are used for 

determining analytes under this protocol: direct immersion (DI-SDME) and head space 

(HS-SDME).  
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Figure 2. 7: Types of single drop microextraction.  

Analytes in the gaseous phase of the HS-SDME method that are volatile or semi 

volatile in the liquid phase dissolve in the solvent drop at the end of the micro syringe 

needle that is placed over the surface of the sample. After the extraction, which takes 

a certain length of time, the micro drop is put back into the syringe needle. The analytes 

are injected into the chromatograph or detector to quantify them. The DI-SDME 

processes involve transferring the analytes from the sample to the extraction drop, 

where they remain in direct contact with each other until the extraction is stopped or a 

thermodynamic balance is established.  

2.2.3.1.4  Hallow fiber-liquid phase microextraction  

Another recently developed liquid phase microextraction is the hollow fiber-liquid phase 

extraction (HF-LPME) (Fig. 2.8). This method uses a hollow fibre, usually composed 

of polypropylene, to produce a semi-permeable membrane. An appropriate organic 

solvent is poured into the fibre’s pores. Another option is to add a different immiscible 

solvent into the fiber lumen, which would establish two analyte equilibria between the 

water and solvent in the wall and the solvent and wall in the lumen, resulting in the 

three-phase system.  
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Figure 2. 8: Hollow fiber liquid-liquid microextraction [91].  

Hongmei Jiang and coworkers [92] reported two methods based on hollow fiber 

liquid-liquid-liquid microextraction and hollow fiber liquid-liquid two-phase 

microextraction for the determination of Hg in human hair. The enrichment factor of the 

three phases was higher than that of the second phase. The limit of detection of the 

three phases was 0.1 µg/L and that of the two phases was 0.4 µg/L. The precisions of 

the two methods were 13 % and 11 % for HF-LLLME and HFLLME, respectively. 

Recoveries were in the range 99-113 %. It was reported that the HFLLME was more 

economical because less reagent volume (µL) was used. However, as the analyte 

diffuses through the hollow fiber wall, creating dispersible hollow fibers, obstructing 

hollow fiber pores, and requiring lengthy procedures are some of the disadvantages 

associated with the production of this sample [93].  

2.2.3.1.5  Extraction induced by emulsion breaking   

Extraction induced by emulsion breaking, or EIEB, is another liquid-liquid 

extraction technique that has gained interest since 2010 (Fig. 2.9). This method 

creates and breaks an emulsion, which separates the organic component from the 

aqueous phase. Any suitable analytical technique can be used to remove and analyze 
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the aqueous phase using a micropipette. This method's main application is the 

measurement of mercury in oily matrices.  

  

Figure 2. 9: Extraction induced by emulsion breaking [94].  

Priscila O. Vicentino and Ricardo J. Cassella [95] proposed a novel approach 

for determining Hg in Brazilian gasoline samples. Their approach employed extraction 

induced by emulsion breaking. A microemulsion was formed by mixing the sample with 

n-propanol and HCl. Afterward, the emulsion was destabilized by adding water, and 

two phases were separated. Recoveries in the range of 88-109 % were obtained. The 

method's detection limit was 0.9 µg/L, and the limit of quantification was 2.9 µg /L.   

The EIEB demonstrated several benefits, such as decreased risk of 

contamination, retention of volatile elements during sample preparation, shortened 

extraction times, and the presence of aqueous analytes, which prevent the introduction 

of carbon compounds into the analytical device and enable calibration with aqueous 

standards. Nevertheless, this approach has certain drawbacks, such as the need for 

multiple experimental steps for sample preparation and the occasionally carcinogenic 

use of organic solvents [9]. Table 2.3 contains an overview of all the LLE methods that 

were used in nonaqueous matrices to determine mercury levels overall. 
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Table 2. 3: Liquid-liquid extraction methods for determining Hg from different non-aqueous samples.  

Matrix Type of 

LLE  

Extractant  Time 

(min) 

Dispenser 

solvent 

Analytical 

method 

EF LOD 

(µg/L) 

RSD 

(%) 

%R Ref. 

Soil LLE Chloroform 0.5 N/R CVAAS N/R 0.018 N/R 92-

104 

[97] 

Gasoline EIEB HCl 15 n-propanol CV-AAS N/R 0.9 4.8 88-

109 

[95] 

Crude 

palm oil 

EIEB HCl 40 Triton-X-114 CV-AFS 

and VG- 

AFS 

N/R 0.36 2.2 99-

109 

[98] 

[99] 

Diesel 

oil, 

biodiesel

, and 

mineral 

oil 

EIEB NHO3 20 Triton X-100 CV-AAS 5.1 0.6 3.5-

5.6 

80-

103 

[100] 

Hair and 

fish 

LLME Deep eutectic 

solvents 

10 Tetra 

hydrofuran 

UV-vis 50 0.09 6.32 95-

102 

[101] 

Fish LLME Natural deep 

eutectic solvents 

7 Acetonitrile UV-vis 95 0.25 1.9-

5.5 

92-

98.7 

[102] 
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Fish D-LLME Undecanol N/R Methanol GF-AAS 68 0.04 6.2 83.8-

102.3 

[103] 

Fish oils DLLME 1-butyl-3-

methylimidazoliu

m 

hexafluorophosph

ate ([Bmim][PF6]) 

N/R 2.5 CV-AAS 54 0.045 1.2 104-

112 

[104] 

Fish D-LLME 1-octanol 5 Acetone UV-vis 120 1.6 1.57 N/A [105] 

Fish D-LLME DESs 20 N/R ETAAS 2400 0.34  3.68 >95 [106] 

Human 

hair and 

fish 

DLLME 1-octanol N/R N/R UV-vis 120 4 1.57 101 [107] 

Human 

hair 

D-LLME HNO3-HClO4 4 1-octanol UV-visible 120 1.6 1.82 97.4-

102.1 

[105] 

Sea sand D-LLME Chloroform 1 ethanol Spectropho

tometer 

39 0.15 2.6 95.1 [80] 

Sand 

and clay 

stone 

D-LLME Supramolecular 10 undecanol CV-AAS N/R 0.006 <6 99.5-

102 

[108] 
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Soil and 

vegetabl

es 

D-LLME deep eutectic 

solvent 

4 1-undecanol GFAAS 114-172 0.03 6.6 91-

110  

[81] 

Wheat 

and rice 

DLLME CCl4 2 Methanol GFAAS N/R 0.019  3.4 92-

106 

[109] 

Fish CPE N/R 10 N/R CV-AAS 98 0.009 2.3 N/R [87] 

Snuff 

products 

CPE ammonium O, O-

diethyldithiophos

phate 

40 Triton X-114 CV-AAS 84 and 97 0.004 2.6 98.7 [110] 

Human 

hair, 

vegetabl

es, and 

fruits  

CPE ionic liquid 10 Triton X-114 UV-visible 

spectrophot

ometer 

N/R 0.4 1.0-

2.4 

97-

101 

[111] 

Saline 

samples 

SDME Undecanol N/R N/R UV-vis N/R 1.9 8.5 100.9 [112] 

Fish 

tissues 

HS-

SDME 

tetradecyl(trihexyl

)phosphonium 

chloride- 

N/R N/R ETAAS N/R 10 4.6 95-

105 

[113] 
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Dogfish 

muscles 

HS-

SDME 

Pd (II)-HNO3 2 N/R ETAAS N/R 4 7 94+8 [114] 

Fish HF-

LPME 

Ionic liquids 10 N/R UV-vis 120 0.2 5.4 94-

105 

[115] 

Human 

hair 

HF-

LPME 

Toluene/thiourea 10 N/R ICP-MS N/R 0.4 11 99-

113 

[93] 
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The most often used extraction technique for this kind of sample preparation is 

DLLME. Even with this protocol, the most researched matrix is Fish. M. Pirsaheb and 

N. Fattahi created a DLLME-based technique in 2015 to determine the amount of 

mercury in fish samples. Methanol was utilized as a dispersing solvent in their process, 

while 1-decanol was used as an extraction solvent. The range of their enrichment factor 

was 68-93. The results showed a linearity range of 0.5-50 µg/kg and very low detection 

limits of 0.04 µg/kg [103]. In 2020, R. Menezes and coworkers [147] they have clarified 

another investigation regarding the entire analysis of fish oil samples with a DLLME 

process. They employed ammonium pyrrolidine dithiocarbonate (APDC) as a 

complexing agent and an ionic liquid as an extractant. A 54-enrichment factor was 

attained under optimal conditions, and the approach gives a limit of detection of 4.5 × 

10−2 µg/L. In 2014, P. Liang and coworkers reported the determination of total mercury 

in food samples by DLLME coupled with GFAAS. A complexing agent, pyrrolidine 

dithiocarbonate (PDC), was used in their procedure. Additionally, they used methanol 

as their disperser solvent and carbon tetra chloride as their extracting solvent.  

M. Hayati and coworkers [104] reported the determination of total mercury in fish 

and human hair samples. They optimized their DLLME with the aid of an experimental 

design. Their extracting solvent was 1-octanol, and they obtained recoveries at 101 %. 

E. Ragheb and coworkers [116] reported the determination of total mercury in fish using 

deep eutectic solvents based on DLLME. Good recoveries >95 % were obtained. Other 

matrices such as human hair, rice, wheat, sand, clay, vegetables, stones, and soil were 

also reported for the total determination of mercury after a DLLME procedure, as 

presented in Table 2.3.   

2.2.3.2  Solid phase extraction  

Solid phase extraction (SPE) is a pre-treatment technique that uses a sorbent 

through which target analytes are trapped and selectively extracted. This conventional 

technique was developed as a substitute for liquid-liquid extraction. This approach 

involves passing a liquid sample through a column or disposable cartridge packed with 
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the appropriate adsorbent until the liquid sample and solid phase reach equilibrium. 

Selecting the right adsorbent is crucial in SPE, affecting the method's accuracy and 

selectivity. Features include functionality, surface area, particle size and shape, pore 

size, and chemical inertness, all influencing the choice of adsorbent[117]. Numerous 

sorbents have been documented in the literature, including fullerenes, bonded silicas, 

carbon nanotubes, ion exchangers, nanoparticles, ion-imprinted polymers, and 

biosorbents [118]. In traditional SPE, there are four steps which are involved (Fig. 

2.10), which are (i) Sorbent conditioning, (ii) Sample loading, (iii) Washing and (iv) 

Elution [117].  

Sorbent conditioning: This is the initial stage, often known as wetting. To prepare for 

an effective interaction with the analyte, the sorbent is wetted with a solvent to activate 

its functional groups [118].  

Sample loading: The cartridge is filled or run through with the sample, and the analyte 

is adsorbed in the sorbent bed along with certain interfering chemicals. A breakthrough 

volume is a crucial metric to consider avoiding analyte loss in this stage. When enough 

sample volume has been loaded, the analyte reaches a "breakthrough volume" stage 

when it is no longer absorbed because there is no active site to bind to [120].  

Washing: a procedure wherein the sorbent is cleansed to extract contaminated 

species from it in a targeted manner [120].  

Elution: a last stage that involves extracting the analytes kept in the active site using 

the right solvent [117] .  
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Figure 2. 10: Schematic diagram for solid phase extraction[121].  

In 2009, N. Pourreza and coworkers [122] used a sulfur powder sorbent to 

determine Hg in fish and oyster samples. At a flow rate of 16 mL min-1, the solid phase 

was placed on a mini-column, where the mercury ions were held in reserve. The 

calibration curve was linear in the range of 0.02–1.20 µg/L, with r2 = 0.9991 (n = 8). 

With sample quantities of 250 and 1000 mL, respectively, the limit of detection (LOD) 

based on three times the blank's standard deviation was 0.012 and 0.003 µg/L. 3.9 and 

1.2 % (n = 8) were the relative standard deviations for the measurements of 0.04 and 

1.00 µg/L of Hg (II), respectively. When compared to other conventional techniques, 

solid-phase extraction has numerous advantages.  

 Among these benefits are (i) speed and ease of use; a syringe and an SPE 

cartridge are all needed to complete the most basic SPE operation [118]. (ii) No 

emulsion formation [118]. (iii) reduced solvent usage (iv) low disposal costs, (v) 

Flexibility; there are limited choices in the mobile phase choices. (vi) high efficiency, 

(vii) ecologically safe, (viii) elimination of some of the glassware, (ix) isolation of 

analytes from large volumes of sample with minimal or zero evaporation losses, (x) 

reduced exposure of analysts to organic solvents (xi) more reproducible results [123].  
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Conversely, there are also some drawbacks to using this protocol. Primarily, 

solid phase extraction is considered an exhaustive traditional preparation technique. 

Furthermore, it is considered expensive and environmentally unfriendly [124]. 

Therefore, a significant effort has been made to develop new extraction methods with 

improved qualities than SPE. These methods include magnetic solid phase extraction, 

solid phase micro-extraction, and dispersive solid phase extraction.   

2.2.3.2.1.  Magnetic solid phase extraction  

A novel kind of SPE called magnetic SPE (m-SPE) is created by combining 

nonmagnetic adsorbent with magnetic inorganic material. The target analytes are 

dissolved in a solution or suspension containing an adsorbent. An external magnetic 

field separates the adsorbent from the solution following the analytes' adsorption. 

Instead of centrifugation or filtration, the m-SPE's superior adsorption effectiveness 

enables quick separation from the sample matrix by applying an external magnetic field 

(Fig. 2.11) [125].   
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Figure 2. 11: Schematic representation of magnetic solid phase microextraction) [126].  

A fascinating study that used a magnetic sorbent and UV-visible spectroscopy 

to measure mercury in fish samples was replicated in 2020 by Fateme Faryadras and 

coworkers [127]. After the optimization procedure, the computed limits of detection 

(2.11 µg L−1), linearity of dynamic range (7–100 µg L−1), relative standard deviation 

(2.59 %), and preconcentration factor (150) all showed that the sorbent was very 

dependable in preconcentrating mercury. Shahram Seidi and Mina Fotouhi [128] 

investigated a new magnetic sorbent for determining Hg from different fish and other 

marine species. A 21-minute extraction time, 20.0 mg of sorbent in 50 mL of the sample 

solution at pH 6.5, and 2.5 mL of HCl (1.7 mol/L) elution under a vigorous vortex for 

2.0 minutes were found to be the optimal settings. In perfect conditions, an extraction 

recovery of 85 % and a preconcentration factor of 17 were attained.  

It was discovered that the quantification and detection limits were, respectively, 

1.0 ng/mL and 0.025 ng/mL. The correlation coefficient, intra, and inter-day precisions 

were 0.9997, 4.0 %, and 9.98 %, respectively.  
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2.2.3.2.1.  Solid phase microextraction   

An appropriate sorbent is coated on or inside a fibre during the SPME technique. 

While the vial top is securely closed, the fibre is placed either directly into the solution 

or in the headspace of a vial holding the sample solution (Fig. 2.12). To improve the 

analyte's mass transfer and speed up its absorption onto the fibre. The sample solution 

is agitated. The heated stirred solution is used in the headspace mode to accelerate 

the analyte's evaporation from the solution surface. Following the analyte extraction, 

the analyte is extracted from the adsorbed analyte on the fibre coating using either 

solvent or heat desorption techniques [124].  

  

Figure 2.12: Modes of SPME. (a) DI-SPME, (b) HS-SPME and (c) Membrane-

protected SPME[125].  

Using SPME in conjunction with CV-AAS, Ewa Stanisz and coworkers [130] 

examined the levels of mercury in soil samples in 2014. They used PTFE tubes coated 

with an ionic liquid specifically designed for the task of directly immersing 

microextraction of mercury. Under optimum conditions, the extraction phase of a PTFE 

tube coated with 32 µL of methyltrioctylammonium thiosalicylate produced good 

extraction efficiency for the extraction of 2 ng/mL mercury in 10.0 mL of solution. The 

Certified References were SRM2709 San Joaquin Soil, SRM 2711 Montana Soil, and 

SRM 2704 Buffalo River Sediment. Materials for evaluating the accuracy of the 

suggested approach. Recoveries of reference materials ranged from 97 % to 100 % of 

the total. The process was used to examine soil samples.   

 

A   B   C   
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2.2.3.2.1.  Dispersive solid phase microextraction   

Dispersive solid phase microextraction (DSPME) is a non-fibre SPME technique 

that was created recently to get beyond the drawbacks of conventional SPME (Fig. 

2.13). This process involves pouring the sorbent straight into the sample solution to 

extract the analyte rather than depositing it on the fibre core. Subsequently, the sorbent 

is disseminated to augment its surface area in contact with the sample solution or 

acceptor phase, thereby considerably diminishing desorption and extraction times 

[131].   

  

Figure 2. 13: Schematic representation of dispersive solid phase microextraction 

[132].   

Atefeh nasrollahpour and coworkers [132] developed a new dispersive solid 

phase microextraction (DSPME) method for determining Hg from vegetables using 

ionic liquid-modified graphene oxide nanoparticles before measurement with CV-AAS. 

With a determination coefficient of 0.9995, a linear response in the concentration range 

of 0.08– 10 ng/mL was found at the optimum conditions. At a signal-to-noise ratio of 3, 
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the detection limit of the method was 0.01 ng/mL. Precisions within and between days 

were found to be 3.4 % and 4.5 %, respectively.  

Fibre is not required for this process, removing the constraints and challenges 

associated with placing the sorbent on the fibre and shortening the extraction and 

desorption times. As a result, the approach is preferred over SPME. However, this 

process has certain drawbacks, namely the challenge of removing the sorbent from 

the sample solution and the restriction on method automation [132]. Table 2.4 presents 

the information reported on SPE for the total determination of mercury in non-aqueous 

matrices
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Table 2. 4: Solid phase extraction methods for the determination of Hg from different non-aqueous samples.  

Matrix Sorbent Type of 

SPE 

Detection 

 technique 

EF LOD  

(µg/L) 

RSD 

(%) 

Accuracy 

(%) 

Ref. 

Aquatic plant polytetrafluoroethylene Column SPE CV-AAS 35 0.02 2.1-3.4 94-110 [134] 

Crude oil 

 

Octadecyl silica membrane. 

 

Column SPE CV-AAS 

 

240 0.25 1.9 88-109 [9] 

Gasoline 

 

Octadecyl silica membrane disk Column SPE CV-AAS 240 0.20 1.9 88-109 [9] 

Fish diethyl di thiophosphate (DDTP), Column SPE GFAAS 1540 0.009 4.8 98.1-100.5 [135] 

Fish silica-based nanoparticles Column SPE HG-AAS 25 0.018 <3 98.3-100.51 [136] 

Fish PCN-222/MOF-545 (Zr-MOF) Column SPE CV-AAS 120 0.02 1.3-5.6 74.3-98.7 [137] 

Soil Ionic liquid coated PTFE tube SPME CV-AAS 21 0.04 5 97-100 [130] 

Food  Modified stainless  SPME ICP-OES 50 0.82 2.89 70-97 [138] 

Fish Fe3O4@Ag@MESNa m-SPME ETAAS 200 0.01 N/R 95.8–103.3 [139] 

Tea samples Fe3O4@SiO2/graphene m-SPME HG-AFS 23 0.004 4.27 90.0-97.3 [140] 

Dogfish liver  

(CRM) 

DPTH-MNPs m-SPME FI-MSPME-CV 

-ETAAS 

5.4 0.0074  1.7 103.8 [141] 
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Nails Fe3O4@SiO2-NH2@HKUST-1 m-SPME ETAAS 2400 0.34 3.8 >95 [106] 

Vegetable 

samples 

ionic liquid modified magnetic reduced 

graphene oxide (IL-MrGO) nanoparticles 

d-SPME CV-AAS 200 0.01 3.4-4.5 97.8-100.8 [132] 

Lipstick magnetic graphene oxide m-SPME CV-AAS 21 0.57 6.5 94-100 [142] 

Fish and  

shrimp 

magnetic graphene oxide m-DSPE FI-CV-AAS 17 0.025 4 85 [128] 

Fish Magnetic graphene oxide m-DSPE UV-Vis 250 2.11 2.59 N/R [127] 

Muscle Tissue 

SRM 2976 

Fe3O4@graphene oxide nanospheres m-DSPE FI-CV-GFAAS 250 0.00025 2.9 86-103 [143] 

Fish magnetite@MIL-53(Fe)-NH-CS2 m-DSPE CV-AAS 300 0.006 7.8 96.6 [144] 

Fish, shrimp, and canned 

tuna samples 

(Fe3O4-2,5-dimercapto-1,3,4- 

thiodiazol) 

m-DSPE CV-AAS N/A 0.01  5.5 83-106 [145] 

Fish samples magnetite (Fe3O4)/chelating agent 1-(2-

ethoxyphenyl)-3-(4-ethoxyphenyl) triazene 

functionalized multi-walled carbon 

nanotubes with silica shell 

m-DSPE 

 

 

CV-AAS N/A 1.5+0.27 

 

3.56-5.01 99.2-100.19 [146] 

Fish samples magnetic graphene/ZnFe2O4 m-DSPE CV-AAS 30 0.001 2.7 91-17 [125] 
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Trout and 

shrimp 

magnetic graphene oxide m-DSPE FI-CV-AAS 17 0.025, 0.015 

 

5.3-6.6 90-103 [147] 

Fish magnetic graphene oxide m-DSPE UV-vis  

spectrophotometer 

143 2.11 2.59 107 [127] 

Rice, fish and 

tea 

Fe3O4@GO/2-PTSC UA-DSPE ICP-OES 193 0.0079 1.63 96.5 [148] 

 
Note: [SPE]-Solid phase extraction; [m-DSPE]-Magnetic dispersive solid phase extraction; [SPME]-Solid phase microextraction; [d-SPME]-Dispersive 

solid phase microextraction; [m-SPME]-Magnetic solid phase microextraction; [UA-DSPE]-Ultrasound-assisted dispersive solid phase extraction  

. 
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From the summary of publications, we observe that magnetic dispersive solid 

phase extraction (m-DSPE) was mostly reported. It seems like this procedure couples 

the merits of magnetic solid phase extraction with the merits of dispersive solid phase 

extraction (DSPE). For example, F. Faryadras and coworkers [127] developed a green 

magnetic sorbent in 2020 to determine the total amount of mercury in fish. In their 

procedure, they coupled magnetic solid phase microextraction with dispersive solid 

phase microextraction. High preconcentration factor of 150, LOD of 2.11 µg/L, and 

precision of 2.59 % were achieved. Another interesting study was reported by Shahram 

Seidi [128] and Mina Fotouhi in 2017 for the total determination of mercury in seafood 

followed by CV-AAS. Their sorbent consists of graphene oxide coated on the surface 

with thiophene. Their sample preparation method also combined the m-SPE and D-

SPE. Their method gave a preconcentration factor of 17, lower than the above study, 

but their LOD of 0.025 µg/L was lower than the other reported study. E. Yavuz and 

coworkers [129] developed a method based on m-DSPE to determine mercury in fish 

samples. Their magnetic sorbent was supported by graphene. A high preconcentration 

factor of 30 was achieved. Additionally, a LOD of 0.01 µg/L, with a precision of 2.7 % 

was obtained. In 2021, C. Garcıa-Mesa and coworkers [125] reported a ferrofluid based 

on Fe3O4@graphene oxide nanospheres together with an ionic liquid for the 

development of a magnetic dispersive solid-phase extraction (MDSPE) method for the 

extraction of mercury in biological and environmental samples. According to the optimal 

conditions, the detection limit, determination limit, and percentage RSD were 2.9 %, 

0.25 ng/L, and 4.9 ng/L respectively. Additionally, a high preconcentration factor was 

attained.  

It is also interesting to note that magnetic solid phase microextraction (m-

SPME) was highly reported. For instance, in 2021 E. Ragheb and coworkers [143] 

prepared a novel magnetic biosorbent to preconcentrate total mercury in fish, hair, and 

nails. The procedure obtained a high enrichment factor 2400 with a low LOD of 0.34 

µg/L. Lopez-Garcıa [139] synthesized magnetic particles covered with functionalized 

silver nanoparticles, which they applied in a magnetic solid phase microextraction 

procedure (m-SPME) to preconcentrate mercury in edible fish oils. A preconcentration 

factor close to 200 and a LOD of 0.01 µg/L were achieved.  It is worth noting that the 

overall enrichment factor reported under SPE ranged from 5.4 to 2400, while the LODs 

and precision ranged from 0.00025 to 2.11 µ/L and 1.3 to 7.8, respectively.  
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2.2.3.3  Other Extraction Methods  

2.2.3.3.1  Ultrasound-assisted extraction   

Another extraction technique that is frequently used for determining the total 

amount of mercury in solid and oily matrices is ultrasound-assisted extraction (UAE) 

(Fig. 2.14). A sound wave that has a frequency higher than 20 kHz is known as 

ultrasound [150]. Ultrasound and chemical species do not directly interact with one 

another under UAE. Rather, samples are combined with weaker acids. The latter 

facilitates the transfer of metal ions from the aqueous phase to the organic phase. To 

speed up the extraction process, the sample is submerged in an ultrasonic bath with 

temperature control. Centrifugation is then used to separate the aqueous and organic 

phases. The latter is then diluted to the known volume and ready for examination using 

the proper analytical tool [151].   

  

Figure 2.14: Ultrasound-assisted extraction [151].  

 

In 2019, Altunay and coworkers [102] developed a method for determining 

total mercury in fish using natural deep eutectic solvents based in UAE. A 

preconcentration factor of 120, accuracy of 96.7 %, and precision of 3.6-4.3 % were 

obtained. Danilo J. Leao and coworkers [148] elucidated an interesting study on 

using UAE to determine mercury from sediments followed by CV-AAS. An external 
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calibration technique with a precision of 4.31 % was used for method validation. LOD 

and LOQ for the method were 1.04 and 3.46 ng/g.   

The UAE demonstrated several benefits: quick extraction times, easy 

operations, little reagent usage, and cost-benefit. However, there were drawbacks to 

this sample preparation, such as low sample input and extremely low enrichment 

factors, which also harmed the limits of detection.  

3.2.3.3.1  Microwave-assisted extraction   

Finally, microwave-assisted extraction or MAE is a common technique for 

accurately quantifying mercury in various matrices. This process combines classic 

solvent extraction with microwave technology (Fig. 2.15) [19]. Less reagent 

consumption, reduced analyte loss risk, and aqueous standard calibration are benefits 

of this approach. This approach is also beneficial since it may be used successively, 

allowing for the addition of reagents during the extraction process, and it can effectively 

extract the target analyte during leaching cycles. However, there could be 

disadvantages to this method, like a strong matrix effect caused by a microwave-

induced plasma operating at lower power (up to 1 kW) and the inability to extract 

multiple samples at once in a single cavity.  
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Figure 2. 15: Microwave-assisted extraction [153].  

2.3  Optimization of sample preparation methods (Univariate or 

multivariate)   

In analytical chemistry, optimization determines the ideal conditions for 

implementing a technique to yield the best possible result. In this field, two 

approaches are used to achieve it. The first strategy is univariate optimization, while 

the second is multivariate optimization.  

2.3.1.  Univariate optimization strategy  

The univariate optimization strategy is regarded as the conventional 

optimization strategy. This method looks at one factor's impact on an experimental 

response at a time. The technique of this strategy is to alter one parameter but keep 

the other parameters constant. The main drawback is that the interacting effects 

between the variables under study are not considered. As a result, this method does 

not fully capture how the argument affects the response. An additional drawback of 

one-factor optimization is the rise in the number of experiments required to carry out 
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the study, which results in an increase in costs and time as well as an increase in 

material and reagent usage [144][145].  

In 2015 Souza and coworkers [156] developed a method using the univariate 

approach for determining mercury in phosphate fertilizers using graphite furnace 

atomic absorption spectroscopy. Their method's accuracy, precision, and limit of 

detection were 103 %, 8.2 % and 4.8 ng/g, respectively.  Another study that utilized 

univariate optimization in liquid-liquid microextraction procedures was reported in 

2020 by Menezes and coworkers [104]. In their work, they were interested in 

determining mercury in food. Their method showed a preconcentration factor of 54 

and a limit of detection of 0.04 µg/L. In 2021, Garcia-Mesa and coworkers [143] 

reported the determination of mercury in biological and environmental samples using 

m-SPME combined with flow-injection cold vapor graphite furnace spectrometry. 

Their sample preparation procedure was optimized using univariate strategies. A 

preconcentration factor of 250, a limit of detection of 0.25 and 4.9 ng/L and precision 

of 2.9 % were achieved, respectively.  

2.3.2.  Multivariate optimization strategies  

This technique was introduced to overcome the limitations of univariate 

optimization. In this approach, more than one variable is optimized simultaneously, 

and chemometrics are mostly utilized. Four main steps are followed in this approach: 

(a screening designs, (b) response modeling, (c) evaluation of the fitted model, and 

(d) determination of optimal conditions [157][158].  

2.3.2.1.  First order designs  

First-order designs are utilized for screening. The latter has to do with the 

selection of significant parameters which affect the analytical response. It rules out 

variables that do not contribute significantly to the response. Experimental designs 

that are reported for screening include two-level full factorial design (FFD), two-level 

half factorial design (FrFD), and Plackett-Burman (P-B) design. Two-level and two-

level half factorial designs are the most reported for quantifying total mercury in 

nonaqueous matrices; hence, they are discussed herein [159].   
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The general formula used for FFD is 2k, with base 2 as the number of fixed 

levels for all variables and k as the number of variables. The implementation of FFD 

can be done easily when there are few variables to be examined. However, when the 

number of variables is high, the number of required experiments can significantly 

grow. FrFD can be used to decrease the number of experiments in this instance. 

They use the formula 2k-p to reduce experiments by a number p. In the most typical 

scenario, the so-called half fraction is produced when p equals 1 [160].  

2.3.2.2.  Second order designs  

Second-order designs are utilized for further optimization. The most utilized 

response modeling is the response surface methodology (RSM). The response 

surface methodology's primary goal is to identify a polynomial that accurately 

captures the response behavior with the levels of the variables under study. Under 

this approach, the simplest model that can be employed is based on a linear function. 

The acquired replies must fit the following equation (Eq. 2.2) [161]:  

Eq. 2. 2   

where k is the number of variables, 𝑎0 is the constant term, and 𝑎𝑖represents the  

coefficients of the linear parameters, 𝑥𝑖 represents the variables, and α is the residual 

associated to the experiments.  

In the above case the response should not present any curvature. A second 

order model is employed to evaluate curvature. A second order model polynomial 

(Eq. 2.3) presents the following terms.  

Eq. 2. 3  

where k is the number of variables, Y is the response, 𝑥𝑖 represents the variable 

levels and 𝑎0, 𝑎𝑖, 𝑎𝑖𝑖 and 𝑎𝑖𝑗 as the regression parameters of the independent term, 

the linear term, the quadratic term, and the interaction term, respectively [162].  

It is important to note that under this RSM there are different experimental 

designs which are employed such as three-level factorial design (TLFD), central 

composite design (CCD), Box–Behnken design (BBD), Doehlert design (DD) and 

Taguchi designs. There are differences between these symmetrical designs in terms 
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of the number of runs and blocks, the number of levels for variables, and the choice 

of experimental sites [163]. However, only CCD, BBD, and DD are mostly utilized for 

the total determination of mercury in non-aqueous matrices, hence they are 

discussed herein.  

Central composite design (CCD): This is the most reported matrix design 

for second-order polynomial adjustment. It combines two levels of factorial and other 

designs. This formula (Eq. 2.4) gives the number of experiments required for its 

implementation.  

2𝑘 + 2𝑘 + 𝑛0                                                                                                 Eq. 2. 4  

where 𝑛0 is the number of copies of the central point and k is the number of variables 

to be optimized. With regular CCD, all variables can be investigated in five levels (−α, 

−1, 0, +1 e + α). The formula α = 2(k-p) / 4 can be used to determine the α values for 

axial points [163].  

Box–Behnken design (BBD): In this mathematical modeling data points are 

located equidistant from the center point. (Eq. 2.5).  

𝑘2 + 𝑘 + 𝑛0                                                                                                  Eq. 2. 5                                                                                       

The main drawback of this modeling is the impossibility of conducting experiments in 

points located in the cube vertex [164].  

Doehlert design (DD): Originally called uniform shell design, David H 

Doehlert developed it in the 1970s. This design is useful when the experimental points 

are distributed on a spherical shell. Thus, there is no orthogonality or rotatability nor is 

the variance of the predicted values in the experimental space uniform. In addition, all 

adjacent experimental points are placed at equal distances. Moreover, the number of 

experiments proposed by this design is calculated (Eq. 2.6) as   

𝑁 = 𝑘2 + 𝑘 + 𝑐0                                                                                               Eq. 2. 6                                             

where 𝑘 is the number of factors and 𝑐0 is the number of central points. Unlike CCD, 

DD is efficient with few experimental runs [165]. 
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2.3.2.3.  Evaluation of the fitted model  

It is paramount to evaluate the quality of the mathematical model after fitting 

the data. There are three ways to achieve the evaluation. The most reliable approach 

is through the analysis of variance (ANOVA). The central idea of the former is to 

contrast the variation brought on by the treatment with the variation brought on by 

random mistakes that are a natural part of measuring the generated responses. 

Considering the sources of experimental variance, this comparison allows one to 

assess the significance of the regression that was used to predict responses [166]. 

Another way of evaluating data quality is through the lack of fit. A model will be well 

fitted to the experimental data if it presents a significant regression and a 

nonsignificant lack of fit. Lastly, visual inspection of residual graphs also helps in the 

evaluation of a model. As a result, if the mathematical model fits well, the residuals 

graph it produces looks like a normal distribution [159] .  

2.3.2.4.  Determination of optimal conditions  

For linear models, the generated surface can give direction in which the 

original design must be displaced to attain the best conditions. Otherwise, the 

optimum conditions can be obtained through inspection. On the other hand, for 

quadratic models, the critical point can be characterized as maximum, minimum or 

saddle. The coordinates of the critical point can be calculated through the first 

derivative of the mathematical function. The surface response plots can attain the 

visualization of the predicted model. Again, it is possible to find the optimum region 

through visual inspection of the surface plots [167].  

A lot of studies have utilized multivariate optimization for the determination of 

mercury in non-aqueous matrices. Seidi and Fotouhi 2017 used a multivariate 

strategy based on a central composite design to optimize an m-SPE procedure for 

determining mercury in seafood. Accuracy, precision, detection limit, and 

quantification of 85 %, 4.0 %, 0.025 µg/L, and 1.0 µg/L, were achieved [128]. Ultra 

trace levels of mercury were obtained in green tea and vegetables after a 

preconcentration procedure optimized using a response surface based on a central 

composite design. A new functionalized magnetic material was developed and 

applied to determine mercury in that procedure. Accuracy, precision, limit of 
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detection, and preconcentration factor of the method were about 94.2 %, 10.1 %, 1.0 

ng/mL, and 250 respectively [168]. In 2015 Karimi and coworkers [169] applied 

experimental design to mercury determination in hair samples. For their response 

surface methodology, they utilized Box–Behnken design. The recovery value in this 

method was 98.6 % with an RSD of 1.4 %, and the obtained LOD was 0.01 ng/mL. 

The preconcentration factor was calculated to be 179. In 2019, da Silva and 

coworkers [170] employed multivariate optimization based on the Doehlert design to 

quantify mercury in fish. A limit of detection equivalent to 0.33 ng/g and a precision 

of 4.59 % were obtained.  

2.4 Characterization techniques 

Characterization techniques are used to obtain information about the 

chemical, physical, mechanical, and electrical properties of materials. 

Characterization techniques include scanning electron microscopy, transmission 

electron microscopy, X-ray diffraction, Fourier transmission infrared spectroscopy, 

UV-visible spectroscopy, Brunauer-Emmett-Teller, nuclear magnetic resonance 

spectroscopy, and thermal gravimetric analysis. 

2.4.1 Scanning electron microscopy 

A scanning electron microscope uses a focused beam of electrons to create a 

magnified image of a sample. The electron beam is scanned in a regular pattern across 

the sample's surface, and the sample's electrons are used to create the image. This 

technique gives information about the structure and composition of a material. Materials 

are examined at the nano-to-micrometer scale. This method often yields semi-

quantitative and qualitative results when combined with energy-dispersive X-ray 

spectroscopy (EDX) [171]. 

 

2.4.2 Transmission electron microscopy 

Transmission electron microscopy is used to examine thin material through 

which electrons can travel, resulting in a projected picture [172]. The former is a strong 

approach for studying several aspects of materials, including morphology, size 

distribution, crystal structure, and chemical production, among others. Transmission 
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electrons flow through the thin material and are detected to create pictures, which is 

why the technique is known as transmission electron microscopy [173]. 

 

2.4.3 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy is mostly used for identifying functional 

groups in a material. Infrared light interacts with the sample interface, causing some of 

it to be absorbed and the rest to be reflected. In FT-IR spectroscopy, measurements 

are taken throughout a broad spectrum rather than a limited range of frequencies [174]. 

 

2.4.4 UV-visible spectroscopy 

UV visible spectroscopy is an analytical method that quantifies the number of 

distinct wavelengths of UV or visible light absorbed or transmitted by a sample in 

comparison to a reference or blank sample [175]. The former measures a chemical 

substance's ability to absorb light. It may be used to calculate concentrations, identify 

unknown compounds, and learn about the physical and electrical properties of organic 

and inorganic substances. The essential premise underlying this approach is the 

interaction of materials with radiation, which can result in many processes such as 

reflection, scattering, and absorption. When samples are examined to determine their 

UV visible spectrum, absorbance is calculated [176]. 

 

2.4.5 X-ray diffraction spectroscopy 

This is a non-destructive technique for determining a material's crystallographic 

structure, chemical content, and physical characteristics. X-ray diffraction spectroscopy 

uses X-rays to determine the geometry or form of a molecular structure. The former 

relies on the constructive interference of monochromatic X-rays with a crystalline 

sample. A crystal diffracts X-rays because their wavelength corresponds to the inter-

atomic gap in crystals [177]. 

 
2.4.6 Thermal gravimetric analysis 

The principle of thermogravimetry is to measure the changes in the mass of a 

substance while it is constantly heated to elevated temperatures. This measurement 

reveals information about physical events such as heat breakdown, phase change, 
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adsorption, and desorption. In thermogravimetric analysis, the sample is heated at a 

regulated pace in a specified atmosphere (air, N2, CO2, He, Ar, etc.) [178]. 

 
2.4.7 Brunauer-Emmett-Teller 

Brunauer-Emmette-Teller seeks to explain the physical adsorption of gas 

molecules onto a solid surface. It is an essential approach for determining the specific 

surface area of a substance [179]. Nitrogen is the most often utilized gaseous adsorbent 

for probing surfaces. To calculate surface area, the solid sample is cooled to cryogenic 

temperatures under a vacuum. Nitrogen gas is introduced into the sample in regulated 

increments. After each dosage of nitrogen gas, the relative pressure is allowed to 

equilibrate before the weight of nitrogen adsorbed is calculated. The slope and intercept 

of the BET plot are then used with the BET equation and the known molecular cross-

sectional area of the nitrogen molecule to compute the sample's total surface area 

[190]. 

2.4.8 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy is a method commonly used to 

identify the molecular structure of a material. The operating concept is based on the 

spin of atomic nuclei. Nuclei having an odd mass or atomic number have nuclear spins. 

Because a nucleus is a charged particle in motion, it generates a magnetic field. When 

nuclei with non-zero spins are exposed to a strong magnetic field and supplied with 

suitable energy, they transition from a lower energy state to a higher energy state. The 

energy absorbed during the transition depends on the nucleus type and its chemical 

environment in the molecule [180]. 

 

2.5  Summary of Recently Published Work 2013-2023  

This section discusses the quantity of publications for the three sample 

preparation techniques (extraction, combustion, and mineralization). The trend of 

publications for each method of sample preparation is displayed in Figure 2.16. On 

the one hand, until 2021, the annual number of publications for mineralization 

methods declined. However, since 2017, extraction techniques have been 

increasingly popular. Although the number of publications varied annually, in 2023 
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extraction procedures yielded the greatest number of articles compared to all other 

sample preparation techniques.  

One reason for the observed decrease in the number of publications for 

mineralization methods might be due to the nature of the analyte. As mentioned 

earlier, mercury exists in trace amounts across all matrices, therefore, many 

researchers are developing more preconcentration methods to improve the detection 

limits of mercury. Another reason might be due to the environmental impact of the 

sample preparation methods. Most mineralization methods employ concentrated 

acids as oxidizing agents. These agents produce hazardous secondary wastes as 

compared to preconcentration methods. For instance, microextraction (LLME and 

SPME) techniques employ small volumes of toxic organic solvents (µL). This 

provides a rationale for the trend in the number of articles found for sample 

preparation techniques. In summary, the statistics also demonstrate that annually on 

average, there aren't many publications on combustion methods.  

The volatile nature of this analyte makes decomposition techniques like ashing 

extremely vulnerable to cross-contamination and mercury loss. Furthermore, because 

they use pricey quartz jars, which are not readily available in most laboratories, other 

breakdown techniques like microwave-induced combustion are costly.  

  

Figure 2. 16: The number of publications detailing various sample preparation 

techniques before spectrometric measurement of total mercury in 

non-aqueous matrices.  
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Additionally, we must scrutinize the most favored extraction methods (SPE, 

LLE, and others) for quantitatively determining total mercury in non-aqueous 

matrices. The number of publications fluctuated with almost all the procedures 

(Fig.2.17). Few extraction steps were recorded for LLE, which led to shorter 

extraction times in most LLE procedures, which made LLE more popular than SPE. 

Furthermore, the LLE process is more economical and ecologically beneficial due to 

the use of only a few reagents (diluted acid and dispenser solvent/surfactant). On the 

other hand, the synthesis of adsorbents under SPE and eluent solution requires many 

chemicals, which raises the expense of the analysis. Additionally, the synthesis of 

the sorbent and the adsorption and desorption processes can take longer with this 

approach, making it time-consuming. Throughout the ten years, SPE only displayed 

28 publications, while LLE displayed 65. About 18 papers covering the other 

extraction techniques (MAE and UAE) were also reported between 2013 and 2023.  

  

Figure 2. 17: Number of publications reported for different extraction methods for total 

determination of mercury in non-aqueous matrices.  

It is also very crucial to investigate which matrix has been studied for the total 

determination of mercury in non-aqueous matrices. As we have mentioned earlier in 

our introduction, mercury enters the environment through natural and human 

activities, but the main route in which this toxic analyte enters living organisms is 

through food. Hence, Fig. 2.18 reveals that food matrices were the most studied 

mercury matrices (57 publications). Food matrices are very different such as fish, 

seafood, chicken meat, canned vegetables, fishery products, canned fish, cereals, 

dietary supplements, etc. The largest number of papers in food matrices was 
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primarily contributed by fish. This hazardous analyte is mostly exposed to the latter 

through industrial discharge and atmospheric deposition. They acquire mercury in its 

most poisonous form, methyl mercury, which can bioaccumulate and biomagnifies 

up the food chain. This explains why food matrices have been the subject of most 

research over the years.   

It is also vital to quantify the amount of mercury in our environment because it 

is regarded as a toxic, persistent, and bioaccumulate pollutant. Hence, environmental 

samples such as sediments, soil, particulate matter, sand, and clay were also 

investigated. A total of 25 publications were reported. Botanical samples such as 

leaves, vegetables, rice, and wheat were also reported in 15 publications. The 

category “other” in Fig. 2.18 includes human hair, lipstick, nails, mushrooms, 

phosphate fertilizers, nuts, and pharmaceutical products.  A total of 47 publications 

were reported. Lastly, Fig. 2.18 shows that the least studied matrices are fossil fuels 

(11 publications). Coal, crude oil, and their derivatives (kerosene, diesel, and 

gasoline) are all classified as fossil fuels. This could be because using fossil fuels 

presents difficulties because of their high organic load. Therefore, there is still a great 

deal of study to be done on fossil fuels.  

  

Figure 2. 18: Number of publications for different non-aqueous matrices. 

  

There have been reports of various analytical methods for measuring mercury 

in non-aqueous matrices. Following sample preparation, Fig. 2.19 illustrates the 

several spectrometric methods that have been used to measure mercury in 

nonaqueous matrices. The most used analytical technique for the quantification of 
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mercury is the CV-AAS. Mercury is known as a volatile analyte that exists in low 

abundance in most matrices, then CV-AAS is proven to have the required sensitivity 

for mercury quantification [181].   

  

Figure 2. 19: Analytical techniques that have been reported for the spectrometric 

determination of total mercury in non-aqueous matrices.  

Finally, it is paramount to ascertain which optimization strategy has been the 

most reported from 2013 to 2023 for the total determination of mercury in non-aqueous 

matrices. Figure 2.20 presents the summary of each optimization strategy. From the 

figure, we observe that the multivariate optimization strategy has been the most utilized 

strategy for different sample preparation methods for quantifying mercury in 

nonaqueous matrices. This is because of the merits the strategy possesses. As 

mentioned earlier, a multivariate optimization strategy saves time and reagents. Above 

all, it considers the interaction of two or more factors, something that cannot be 

achieved with univariate optimization [181]. 
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Figure 2. 20: Optimization strategies for sample preparation methods.  

2.6  Conclusion   

It can be summarized that the recent trends of the sample preparation 

methods before the spectrometric determination of mercury in nonaqueous matrices 

have been critically evaluated. Based on the number of publications reported from 

2013 to 2023, the total determination of total mercury in fossil fuels and their 

derivatives such as gasoline, diesel, and kerosene has been poorly reported. Hence, 

the conceptualization of this study. It is important to note that the analysis of mercury 

in fossil fuels and their derivatives such as gasoline, diesel oil, and kerosene is 

paramount since these energy resources are being utilized daily. Under 

mineralization procedures, MW-AD is the most reported mineralization method. 

Concentrated HNO3 has been widely used as a digestion agent. Hence this proposed 

work aims to use nitric acid with diluted H2O2 to mineralize fuel matrices. Using diluted 

H2O2 with HNO3 minimizes the risks associated with the corrosive nature of HNO3 

and the production of carcinogenic nitrous oxides.   

From the above investigation, it can be concluded that D-LLME has been 

widely reported for the total determination of mercury in non-aqueous matrices. This 

is due to the merits of the protocol, such as low costs, simplicity, and high enrichment 

factors, among others. To the best of our knowledge, deep eutectic solvents (DESs) 

have been poorly employed as extracting solvents to quantify mercury in fuel 

matrices. Deep eutectic solvents have low vapor pressure and low flammability, 

regarded as the green generation of ionic liquids. Hence, this current study aims to 

investigate the use of DESs as extractants for quantifying mercury in fuel matrices 
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based on a D-LLME procedure. Under SPE, the coupling of m-SPME and D-SPME 

has been widely reported for the quantification of mercury. To the best of our 

knowledge, no study has reported using magnetic graphene oxide coated with gold 

nanoparticles to quantify mercury in fuel matrices. Hence, this study aims to 

investigate using this adsorbent in an m-DSPME procedure. The use of ICP-OES 

has been poorly reported in the literature. This might be due to the low detection 

limits, poor sensitivity of the instrument towards mercury, and the memory effect. 

Lastly, multivariate optimization has gained much more attention than univariate 

strategies. Hence, the current study aims to utilize multivariate strategies to 

effectively develop our sample preparation methods for quantifying mercury in fuel 

matrices.  
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CHAPTER III 

 

Novel microwave assisted-hydrogen peroxide digestion of fuel oils using 

methionine as a capping reagent for the determination of mercury by 

inductively coupled plasma-optical emission spectrometry  

ABSTRACT  

Fossil fuels and their derivatives naturally contain impurities, such as mercury, due to 

the nature of their genesis. Accurately determining mercury remains a challenge in 

Analytical chemistry due to the volatile nature of mercury. A new analytical method was 

developed for routinely analyzing and quantifying total mercury in fuel oils using 

methionine as a capping reagent. For the development of the new method, parameters 

such as sample mass, methionine concentration, hydrogen peroxide concentration, 

time and temperature were optimized. Methionine was added to both fuel samples 

before microwave-assisted hydrogen peroxide digestion (MW-AHPD) and standard 

solutions as a preserving agent. It was also added to the inductively coupled plasma-

optical emission spectrometry (ICP-OES) rinse solutions to eliminate the memory 

effect. To the best of our knowledge, it is the first-time methionine was used as a 

capping reagent for the total determination of mercury in fuel oils using ICP-OES with 

a pneumatic nebulizer. Multivariate optimization tools (two-level half factorial and 

central composite design) were used to investigate the most influential parameters of 

the MW-AHPD method. The optimum conditions obtained were 0.1 g, 5 M [H2O2], 5. 95 

M [methionine], 36 minutes extraction time at 200  with accepted accuracy which 

ranged from 93-107 % and good precision of 1.94 %. The developed MW-AHPD 

procedure culminated in linearity coefficient of 0.9989, limit of detection of 0.25 µg/L 

and limit of quantification of 0.8 µg/L, respectively. The developed MW-AHPD 

procedure was applied in real coal, crude oil, gasoline, diesel oil, and kerosine.  The 

concentration obtained ranged from 0.876±0.023 - 0.975±0.025 µg/g in coal samples, 

0.383±0.043 - 0.506±0.105 µg/g for crude oil samples, 0.306±0.010 - 0.390±0.035 µg/g 

for gasoline samples, 0.360±0.003 - 0.434±0.050 µg/g for diesel oil samples and all 

kerosene samples were below detection limit of the instrument, therefore no Hg were 

detected. 
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3.1.  Introduction  

Mercury is regarded as a toxic pollutant that has been widely studied for the 

past decades to its detrimental human health effects and environmental adverse 

effects. This toxic pollutant naturally exists in different forms in the environment, each 

with its own peculiar behavior and toxicity [1]. Mercury has existed within the 

environment for centuries and its concentration accumulates in environmental 

matrices and tissues of living organisms, and this has been observed as you move up 

the food chain, which makes it more detrimental to our ecosystem [2]. In human health, 

mercury is known for adverse effects in damaging the central nervous, digestive, 

respiratory, and kidneys [3]. This toxic element exists naturally in fossil fuels and 

cannot be controlled. Therefore, application of these fossil fuels and their derivatives 

are responsible for mobilization/ release of this toxic pollutant within the environment 

[4]. This has brought attention to several researchers to try and develop several 

analytical methods that can accurately quantify the amount of mercury in these energy 

resources, as this would help properly design and develop future clean up strategies 

of mercury from these matrices.  

The main challenge with fuel oils analysis is that they cannot be introduced 

directly into the analytical instrument due to their high carbon content and they are not 

compatible with conventional detection techniques used for the quantification of Hg in 

oil samples. Hence, sample preparation is necessary to decompose the high organic 

load into an aqueous matrix compatible with the analytical instrument [5]. Various 

mineralization procedures for mineralizing organic matrices have been reported in the 

literature. This includes open vessel digestion, dry ashing microwave-assisted acid 

digestion (MWAD), and microwave-induced combustion (MIC) among others [6–8]. 

However, there are limitations that are reported in the application of the sample 

preparation techniques. Open vessel digestion and dry ashing procedures suffer from 

systematic errors due to cross-contamination risks and loss of volatile species [9]. MW-

AD makes use of concentrated acids like nitric acid (HNO3), hydrofluoric acid (HF), 

perchloric acid (HClO4) and hydrochloric acid (HCl), which all have negative health 

and environmental effects. Concentrated inorganic acids (HNO3, H2SO4, HCl, HF, and 

HClO4) are corrosive, take a long cooling time to open the vessels, emit carcinogenic 

gases and alter the physical look of the digests, which might result in interferences. 
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HCl and HF can also dissolve spectrometric glass optics [10,11]. On the other hand, 

MIC requires costly oxygen quartz vessels [12,13].   

Conventionally, various analytical techniques have been employed to 

determine mercury in various matrices. This includes atomic-based techniques like 

cold vapor absorption spectrometry (CV-AAS) and cold vapor atomic fluorescence 

spectrometry (CV-AFS) and plasma-based techniques (inductively coupled plasma-

optical emission spectroscopy (ICP-OES) and inductively coupled plasma -mass 

spectrometry (ICPMS) among others [14–16]. CV-AAS and CV-AFS are the most 

recommended techniques by the United States Environmental protection Agency 

(EPA) for Hg analysis. In 2023, Koesmawati and coworkers [17] conducted a study to 

determine mercury in fish using CV-AAS. Another interesting study was reported by 

Astolfi and coworkers [18] to determine mercury in hair using CV-AFS.  

Inductively coupled plasma-optical emission spectroscopy elemental analysis 

is simple, fast, accurate, and tolerates high organic content. However, ICP-OES 

mercury measurements have been plagued by severe memory effects, sample 

instability and poor mercury detection limits. Hence, chemical vapor generation (CVG) 

and hydride generation (HG) are usually coupled to this technique for mercury 

analysis. In 2010 April and coworkers [19] reported the determination of mercury in 

wine by HG-ICP-OES. In 2022, a study was reported by El-Safty et al. [20] for the rapid 

determination of mercury in the dust using CV-ICP-OES. Alternatively, other 

researchers employ gold and hydrochloric acid as stabilizing agents and eliminate the 

memory effect for mercury analysis using ICP-OES. However, gold is expensive, and 

the chloride ions from HCl can lead to interferences [21]   

Therefore, this study aimed to investigate using methionine as a preserving 

reagent for mercury when subjected to microwave radiation and eliminating the 

memory effect when solutions are introduced in ICP-OES using a pneumatic nebulizer. 

To our knowledge, it is the first time that methionine was investigated as a capping 

reagent for mercury under microwave-assisted hydrogen peroxide digestion 

(MWAHPD) followed by ICP-OES. The logic behind testing methionine as a capping 

reagent is that mercury is a soft acid with high affinity for soft bases such as sulfur 

containing compounds [22,23]. Multivariate optimization was employed to investigate 
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the most important extraction factors. The application of multivariate allows the 

simultaneous optimization of several extraction factors for an approach with limited 

experiments [24]. Therefore, it reduces analysis times and improves detection of 

analytes. Additionally, it identifies the variables that have the greatest effects and 

considers interactions between variables that influence the extraction and analytical 

response [25].  

3.2.  Experimental methods  

3.2.1.  Samples, reagents, standard solutions, and glassware  

The suprapure HNO3 (70% v/v) and H2O2 (30% v/v) were bought from Merck in 

South Africa. A water purification facility provided the Milli-Q water, which had a 

conductivity of 18.2 S/cm, which was used to prepare all the solutions. After scrubbing 

all the glassware with soap and water and soaking it in 5 % HNO3, it was washed with 

deionized water. To make the mercury standards, a 1000 mg L-1 mercury standard 

solution (Sigma-Aldrich, South Africa) was diluted to 100 mg L-1. Methionine was bought 

from Merk, South Africa. Additionally, NIST SRM 2778 Hg in crude oil reference 

standard material was bought from Merck in South Africa. Samples of crude oil and coal 

were bought from Petro SA and labelled in accordance with Table 3.1.  

Diesel oil, gasoline, and kerosene were purchased from three distinct filling 

stations around Johannesburg, South Africa and identified according to Table 3.1. 

Polyvinylidene Fluoride (PVDF) microfilters with a 0.45 µm pore diameter were 

purchased from Anatech Instrument South Africa. A mercury standard solution (1000 

mg L-1) was used to make five different mercury concentrations (0, 10, 20, 30, 50, and 

100 µg L-1), each spiked with 5 mol L-1 methionine.  

 

 

 

 

 



 

92 

 

Table 3. 1: Real samples and their abbreviations.  

Sample Type  Sample 1  Sample 2  Sample 3  

Coal  CS 1  CS 2  CS 3  

Crude oil  COS 1  COS 2  COS 3  

Gasoline  GS 1  GS 2  GS 3  

Diesel oil  DS 1  DS 2  DS 3  

Kerosine  KS 1  KS 2  KS 3  

  

3.2.2.  Instrumentation  

Fuel oil samples were digested using a Multiwave 5000 microwave digester 

(Anton Paar, Australia) The microwave has a rotor (20 SVT) that can accommodate 

20 polytetrafluoroethylene-Teflon vessels (PTFE-TFM) simultaneously. A temperature 

program built into the microwave system managed the ramping and holding times. 

Using an axially oriented flame on a 700 Series ICP-OES (Agilent Technologies, USA), 

the produced digests were mercury analyzed. Additionally, sample uptake using a 

concentric nebulizer was performed using an Agilent Technologies SPS 3 

autosampler, and sample introduction was performed using a cyclonic spray chamber.  

Table 3.2 lists the ideal working conditions for analysis.  
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Table 3.2: Operating parameters of inductively coupled plasma optical emission 

spectroscopy (ICP-OES) for mercury analysis.  

Agilent ICP-OES parameters  Instrumental conditions  

RF power (W)  1200   

Auxiliary gas Flow (L/min)  1.5   

Plasma gas (Arg) flow (L/min)  15   

Pump speed (rpm)  85   

Peri-pump speed analysis (rpm)  15   

Sample uptake delay (s)  15   

Stabilization time (s)  15   

Nebulizer (L/min)  0.75   

Elemental wavelengths (nm)  Hg (184.887)  

  

3.2.3.  Microwave-assisted hydrogen peroxide digestion (MW-AHPD)  

With minor modifications, the methodology was adopted from previous study 

described by Mketo and coworkers [26] was used in the current study. A mass of 0.1 

g of the sample (coal, crude oil, diesel, gasoline, and kerosine), 9 mL of dilute H2O2 (5 

mol L-1), 1 mL of HNO3, and 5.95 mol L-1 of methionine were placed into 50 mL 

polytetrafluoroethylene-Teflon (PTFE-TFM) vessels (Fig. 3.1). The metal-carbon bond 

was subsequently broken by microwave radiation applied to the samples at 

temperatures as high as 200 °C for 36 minutes, which made it easier to extract the 

mercury from the fuel matrix. After the digests was complete, samples were to cool 

down at room temperature, they were transferred into a 10-mL volumetric flask and 

filled with Mill-Q water. Samples were prepared in triplicates, with the fourth serving as 

a blank.  The digests from the 10 mL volumetric flask were filtered using PVDF with a 

0.45 µm pore diameter size before being transferred to 15 mL centrifuge tubes for 

analysis. It is crucial to discuss how the temperature of MW digestion may affect the 

thermal stability of methionine and, consequently, the development of the Hg complex. 
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Firstly, an experiment using thermogravimetric analysis (TGA) was conducted to look 

at methionine's thermal stability.  

  

Figure 3.1: Key steps of a MW-AHPD procedure.  

Eq. 3. 1              

3.2.4.  Multivariate optimization  

The factors that were optimized using the multivariate approach were sample 

mass, hydrogen peroxide concentration [H2O2], methionine concentration 

[methionine], digestion time, and digestion temperature. The two-level half factorial 

design with 25-1 levels was used to optimize these values. The lowest (-), median (0), 

and maximum (+) levels of the factors under investigation are shown in Table 3.3. 

Seventeen tests from a first-order experimental design were subsequently displayed 

as Pareto charts. The response surface method (RSM) was then used to further 

optimize the significant parameters at the 95% confidence level, as indicated in Table 

3.4. Minitab 2018 was used to generate central composite and two-level half factorial 

designs as well as designs for trials and data analysis.  
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Table 3.3: Variables that were investigated and their levels for half fractional design.  

Factor optimized  Minimum level (-)  Central (0)  Maximum level (+)  

Sample mass (g)  0.1  0.2  0.3  

[H2O2] (mgL-1)  3  4  5  

[Methionine] (mgL-1)  1  5.5  10  

Time (min)  30  45  60  

Temperature (  )  100  150  200  

  

Table 3.4: Variables investigated and their levels in central composite design (sample 

mass was kept constant at 0.1g).  

Factor optimized  Minimum level (-)  Central (0)  Maximum level (+)  

[H2O2] (mgL-1)  2  3.5  5  

[Methionine] (mgL-1)  1  5.5  10  

Time (minutes)  30  45  60  

Temperature (  )  140  170  200  

  

3.3.  Results and discussion  

3.3.1.  Thermal stability of methionine  

As previously stated, it was crucial that we ascertain methionine’s thermal 

stability initially. Methionine is thermally stable at the temperatures required for 

microwave digestion process, even though this thermal stability only pertains to the 

solid phase and not the solution phase. Methionine’s TGA profile (Fig. 3.2) shows that 

the breakdown starts at 209 °C and ends at 270 °C, which is in line with several 

literature reports. At the optimal digestion temperature of 200 ℃, approximately 0% of 

methionine weight is lost. Hence, this made it possible to use the methionine at such 

temperatures.   
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Figure 3. 2: Thermogram for methionine.  

3.3.2.  Two level half factorial design  

 A two-level half-factorial design (25-1) was utilized to evaluate the interactions 

between sample mass, hydrogen peroxide concentration, methionine concentration, 

time and temperature. These effects were influential in developing the microwave-

assisted hydrogen peroxide digestion method. The experimental analysis of the two-

level half factorial design is shown in Appendix Table. S1. Analysis of variance 

(ANOVA) (Appendix Table S2) was used to examine the results at 95% confidence 

level. The ANOVA information was propagated as Pareto charts (Fig. 3.3). The vertical 

line represents the 95 % confidence level, and all the bars that crossed it were 

significant concerning the response for the extraction of Hg. According to the Pareto 

charts (Fig. 3.3) [H2O2], [methionine], temperature and time were statistically 

significant, except for the sample mass at the 95 % confidence level. However, 

microwave temperature was significantly higher than the other effects. Additionally, the 

interaction of [H2O2] and time (Fig. 3.3) was statistically significant. The results 
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indicated that these variables have a synergistic effect on percentage recovery. The 

central composite design (CCD) further refined the important variables.  

  

Figure 3.3: Pareto graphic for total Hg at 95% confidence level for two level half 

factorial design (25-1) for sample mass, time, temperature, [H2O2], and 

[Methionine] optimization (n=3).  

 

3.3.3.  Response surface methodology (RSM)  

After screening the sample mass, hydrogen peroxide concentration, methionine 

concentration, time and temperature using half factorial design, central composite 

design was utilized to optimize further and identify optimum conditions. The results for 

the central composite design (CCD) are shown in Appendix Table S3. The matrix of 

the central composite design contained 31 experiments with responses (% recovery) 

correlating to each experimental run. The surface plots (Fig.3.4 D) reveal that 

increasing temperature beyond 200  resulted in the decrease in % recoveries. This 

might be due to the decomposition of methionine at higher temperatures. This is 

consistent with the thermal gravimetric analysis (TGA) of methionine (Fig. 3.2). It is 

also important to note that a decrease in (%) recoveries was seen when methionine 

concentrations were raised above 5.95 mol/L. This is because higher concentrations 
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of methionine resulted in high carbon deposits which result to decrease in instrument 

sensitivity. This observation is consistent with some literature reports [27].  

The correlation between the analytical response and the assessed parameters 

([H2O2] and [Methionine], temperature, and time) was interpreted using the ANOVA 

data obtained (Appendix Table S4) and the quadratic equation (Eq. 3.2) of the model. 

Using the quadratic equations (Eq. 3.2) and surface plots (Fig. 3.4A–F), the ideal 

parameters were determined to be 0.1g (sample mass), 5.95 mol L-1 of [methionine], 

200 °C for the digestion temperature, 36 minutes for mineralization, and 5 mol L-1 of 

[H2O2]. When the obtained analytical responses were compared to the RSM model’s 

projected values, there was no discernible variation at the 95 % confidence interval. 

To facilitate validation and application, the determined optimal criteria were employed.  

% 𝐑𝐞𝐜𝐨𝐯𝐞𝐫𝐢𝐞𝐬 = 18.4A + 9.16B + 4.92C + 1.83D − 1.52A2 − 0.448B2 − 0.022C2 − 

0.00207D2 + 0.018AB − 0.057AC − 0.0193AD − 0.0083BC − 

0.0155BD − 0.01299CD − 

280                                                                                                                                                     

                   Eq. 3. 2  

Where A represents hydrogen peroxide concentration, B represents methionine 

concentration, C represents time and D represents temperature.   
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Figure 3.4: Total mercury response surfaces of total Hg vs [H2O2]. Time, [H2O2]. 

Temperature,  [H2O2].  [Methionine],  [Methionine]. 

 Temperature, [Methionine]. Time and Time. Temperature measured with 

a CCD. 0.1 g of sample mass, 5 M [H2O2], 5.95 M [Methionine], and 200 

°C were the experimental parameters.  

 

3.3.4.  Validation of the proposed MW-AHPD method  

The accuracy of the proposed microwave-assisted hydrogen peroxide digestion 

procedure (MW-AHPD) was evaluated by applying the optimum conditions on NIST 

SRM 2778, with a certified mercury concentration of 38.98 µg/kg ±1.10 µg/kg in 

triplicates. The method showed excellent accuracy which ranged between 93-107 %. 

The proposed (MW-AHPD) procedure was further validated by comparing percentage 

recoveries with other two methods (a) no methionine and (b) standard method (Fig. 

3.5). It is important to note that in method (a) we used the same procedure as the 

proposed method (MW-AHPD) but in the absence of methionine while standard 
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method (b) is a validated standard method for fuel samples found in Anton Paar 

Multiwave 5000 microwave manual. For the standard procedure, 10 mL of nitric acid 

was used for the digestion of 0.1 g NIST SRM 2778. On the other hand, 9 mL hydrogen 

peroxide and 1 mL of nitric acid were used for the proposed procedure with and without 

methionine. The results obtained (Fig.3.5) displayed in terms of total mercury 

recoveries, the proposed method showed higher recoveries (105 %) than the standard 

procedure (98 %). Nevertheless, there was no statistical difference between the two 

methods. Additionally, when comparing the recoveries achieved in the presence and 

absence of methionine, we observe that recoveries were improved in the presence of 

methionine (105 %) compared to the absence of methionine (92 %).  

 

Figure 3.5: Comparison of percentage recoveries of total mercury under optimum 

conditions when digesting (a) no methionine, (b) methionine and (c) 

standard method.   

With a few small adjustments, a method published by Mketo and coworkers [28] 

was used for the additional figures of merit, which included linearity, sensitivity, 

precision, limit of detection (LOD), limit of quantification (LOQ), and linearity. Using 

five different NIST SRM 2778 quantities (0.025, 0.05, 0.1, 0.15, and 0.2 g), a calibration 

with five points was built. The suggested MW-AHPD procedure’s ideal conditions were 

applied to these five distinct amounts, and ICP-OES was used to analyze the resulting 

digests. The method’s sensitivity was represented by a slope of 5,5845 cps L g-1, and 

its correlation coefficient (R2) was 0.9989. The gradient of the slope was used to 
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calculate the limit of detection (LOD) and limit of quantification (LOQ) (Eqs. 3.3 and 

3.4).  

The method limit of detection (MLOD) and method limit of quantification 

(MLOQ) were computed using Eq. 3.5 and Eq. 3.6, respectively. All the results 

obtained for the figures of merits are presented in Table 3.5.  

  

  

  

  

Table 3. 5: Analytical performances of the newly developed MW-HPD.  

Analytical features  Specifications  

Sensitivity (cps L µg-1)  5,5845  

Correlation coefficient (R2)  0,9989  

Limit of detection (µg L-1)  0.25  

Limit of quantification (µg L-1)  0.8  

Method detection limit (µg g-1)  0.0025  

Method quantification limit (µg g-1)  0.0080  

Accuracy (%)  93-107  

Precision (%)  1.94  

  

3.3.5.  Greenness assessment of MW-AHPD method  

AGREE prep was used to evaluate the suggested method’s greenness. The 

latter is an analytical greenness meter that uses ten factors to assess if a suggested 

approach is green [29]. The tool consists of ten impact categories that are recalculated 
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using the 12 GAC principles, resulting in sub-scores on a scale from 0 to 1. A method 

that receives a total score of 1 has the best performance across all criteria, whereas a 

method that receives a total score of 0 performs worse across all criteria. Ten 

components surround the circle, each of which represents a performance criterion. 

Each part’s color represents the performance in this criterion, while each part’s length 

indicates the weight given to the corresponding assessment criterion.   

The red-yellow-green color in the center shows how well the method performs 

in relation to each principle [30]. Table 3.6 displays the ten criteria along with their 

default weights. A pictogram (Fig.3.6) was created to visualize the software’s results. 

The many components of the pictogram make it possible to quickly compare various 

approaches and identify the method’s strong and weak elements.  

Table 3. 6: Default weights used in AGREEprep.  

Criteria  Criteria description  Default weights  

1  Favor in situ sample preparation 

placement  
1  

2  Use safer solvents and reagents   5  

3  Target sustainable, reusable, and 

renewable materials  
2  

4  Minimise waste  4  

5  Minimise sample, chemical and 

material amount   
2  

6  Maximise sample throughput  3  

7  Integrate steps and promote 

automation  
2  

8  Minimise energy consumption  4  

9  Choose the greenness possible 

post-sample preparation  

configuration for analysis  

2  

10  Ensure safe procedures for the 

operator   
3  
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Figure 3.6: Pictogram visualising the greenness of the proposed procedure from 

AGREEprep. Software.  

From the greenness pictogram (Fig. 3.6) we observe that the final score of the 

procedure was 0.56 which was a bit far from the ideal value. The color at the centre 

was light green indicating the method was green but far away from the ideal value. 

Criteria 1,3,4 and 9 contributed to the shift from the ideal value. The procedure was 

ex-situ, and the reagents used were not renewable (criteria 1 and 3). Furthermore, the 

amount of waste generated was suggested to be more than 5 mL as 1 mL of the final 

digests were taken and diluted to 10 mL (criterion 4). Finally, the detection technique 

was carried out using ICP-OES, which uses high energy and power, hence the red 

color in this criterion (criterion 9).  

3.3.6.  Comparison of the proposed MW-AHPD with other literature reports  

Table 3.7 shows the comparison between the newly created MW-AHPD 

approach and previous literature reports. The figures demonstrate that the suggested 

strategy has outstanding accuracy (93–107 %), which is in line with other literature 

reports, when compared to most of the reported mineralization approaches. 

Furthermore, other published reports’ figures of merit, like precision and method 

detection limit (MDL), were also quite like the proposed study. But perhaps most 
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significantly, in contrast to the previous literature findings that employed large volumes 

of pure HNO3, the suggested method used diluted H2O2. While the latter produces 

toxic secondary pollutants, the conversion of dilute H2O2 to water and oxygen at 

increased temperatures is far more environmentally friendly.  
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Table 3.7: Comparing the newly established MW-AHPD’s merit figures with those from other sources reports on MW-AD in fuel oils.  

Matrix Sample 

preparation 

method 

Reagent Trapping 

agent 

Accuracy 

(%) 

Precision 

(%) 

Method limit 

of detection 

(ng/g) 

Method limit of 

quantification 

(ng/g) 

Detection 

technique 

Ref 

NIST SRM 

2778 

MW-AHPD 9 mL of 5molL-

1 H2O2 and 1 

mL HNO3 

Methionine 93-107 1.94 0.25 0.8 ICP-OES This work 

Crude oil MW-AD 6 mL HNO3, 

2 mL HCl and  

2 mL H2O2 

SnCl2 96-103 1.8 0.20 0.5 CV-AAS [31] 

Crude oil MW-AD 8 mL conc. 

HNO3 

NaBH4 92-105 5 0.16 NR CV-ICP-

MS 

[32] 

Coal MW-AD 5 mL HNO3 

and 2 mL HF 

Gold 101.48-

104.88 

0.29 1.07 NR ICP-MS [32] 

Crude oil MW-AD Conc.HNO3 SnCl2 75-125 NR 0.465 NR CV-AFS [33] 

Crude oil Closed pressurized 

system. 

Conc.HNO3 

 

SnCl2 

 

 

 

75-123 

 

 

13 1.3 

 

 

 

4.0 

 

 

 

CV-AAS [34] 
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Note: MW-AD: microwave-assisted acid digestion; MW-HPD: microwave assisted-hydrogen peroxide digestion; CV-AAS: cold vapour atomic absorption 

spectrometry; CV-ICP-MS: cold vapour-inductively coupled plasma-mass spectrometry; CV-AFS: cold vapour atomic fluorescence spectrometry; ICP-OES: 

inductively coupled plasma-optical emission spectroscopy; NR: not reported; SnCl2: Stannous chloride; NaBH4: sodium boron tetra hydride; HNO3: nitric acid; 

HCl: hydrochloric acid; HF: hydrofluoric acid; H2O2: hydrogen peroxide. 
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3.3.7.  Application of MW-AHPD in real coal and fuel samples  

Real fuel oils samples (crude oil, gasoline, diesel oil, and kerosene) as well as 

coal were subjected to the developed MW-AHPD procedure. Marked CS 1, CS 2, and 

CS 3, three distinct coal samples were taken from South African coal mines. Petro SA 

Chemical Company provided three distinct samples of crude oil, designated COS 1, 

COS 2, and COS 3. Three local filling stations provided coal and crude oil derivatives 

which were kerosine (KS 1, KS 2, and KS 3), diesel oil (DS 1, DS 2, and DS 3), and 

gasoline (GS 1, GS 2, and GS 3). All the samples were properly digested using the 

optimum conditions and quantified using ICP-OES. Additionally, each sample was 

properly digested without the use of a trapping agent before being ICP-OES analyzed. 

The concentration levels are presented in Table 3.7. From the table we observe that 

South African coal is the most contaminated energy source compared to the other 

energy sources. On the other hand, kerosene is the least contaminated with all the 

three different samples (KS 1, KS 2, and KS 3) reported below detection limits. This 

is good because kerosene is mostly utilized for domestic heating and for cooking more 

especially in rural areas. Lastly, there was no significant difference in mercury 

concentration levels between the other energy sources.  

When compared to previous literature findings, the overall content of mercury 

in South African coal, crude oil, and crude oil derivatives was found to be within Hg 

content in other countries. For instance, Antes and coworkers [36] reported 

determining the mercury content of Brazilian coal by ICP-MS following MIC digestion. 

The obtained concentrations were 0.23±0.01, 0.066±0.002 and 0.095±0.003 µg g-1 for 

Brazilian coals A, B, and C, respectively, without the application of a preservative. 

These total Hg concentrations were a bit lower than that of South African fuel oils. 

Another comparative investigation was echoed in 2013 by M. Pontes et al [35]. Three 

separate samples of crude oil were subjected to three different breakdown processes 

(closed pressured system, cold finger system, and pyrolysis), which were then 

analyzed using CVAAS. The concentration of total Hg ranged from 0.0046 ±4 to 

0.235±13 µg g-1 which is comparable to the Hg concentration in South African fuel oils.  
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Table 3.8: Total mercury concentration levels, reported in µg/g, were measured after 

digestion using MW-AHPD and ICP-OES in actual coal, crude oil, gasoline, 

diesel oil, and kerosine (1, 2, and 3).  

 
Sample type  Concentration (µg/g)  

 Methionine  No methionine  

CS 1  0.938±0.082  0.911±0.063  

CS 2  0.975±0.025  0.945±0.080  

CS 3  0.876±0.023  0.601±0.006  

COS 1  0.383±0.043  0.321±0.004  

COS 2  0.506±0.105  0.365±0.001  

COS 3  0.470±0.090  0.427±0.006  

GS 1  0.306±0.010  0.306±0.100  

GS 2  0.376±0.075  0.398±0.009  

GS 3  0.390±0.035  0.350±0.055  

DS 1  0.434±0.050  0.398±0.001  

DS 2  0.360±0.003  0.360±0.003  

DS 3  0.431±0.001  0.410±0.085  

KS 1  <DL  <DL  

KS 2  <DL  <DL  

KS 3  <DL  <DL  

  

3.4. Conclusion  

Methionine was successfully developed as a trapping agent in a novel, 

environmentally friendly microwave-assisted hydrogen peroxide digesting process for 

the determination of total mercury in South African coal and fuel samples using 
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ICPOES. Using a 25-1 half factorial design and response surface methods, the most 

important parameters (sample size, [H2O2], [Methionine] duration, and temperature) 

were successfully optimized. MW-AHPD performed well under the following 

conditions: 0.1g, 5 M dilute [H2O2], 6 mol L-1 [Methionine], 36 minutes, and 200 °C.  

It can be concluded that temperature was the most influential parameter for 

MW-AHPD procedure. This is consistent with the decomposition of methionine and 

loss of mercury at elevated temperatures. It is necessary to conclude that the analytical 

performance of the newly developed method is within the performance of other 

literature reports. This is observed with the accuracy (93-107 %) of the method which 

is within other literature reports (Table 3.7). Currently, there is no legislation 

concerning the quantity of mercury permitted in fuel samples, but South African fuel 

samples contained mercury concentrations which are like other nations. Nevertheless, 

kerosene samples reported concentrations that were below detection limits, hence the 

necessity of preconcentration methods.  
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CHAPTER IV  

 

Vortex-assisted deep eutectic solvent-based dispersive liquid-liquid 

microextraction (VA-DES-LLME) for spectroscopic determination of Hg in fossil 

fuels and their selected derivatives  

ABSTRACT  

Mercury is a toxic pollutant that is found naturally in fossil fuels due to the nature of 

their occurrence. The processing and combustion of these energy resources results in 

releasing this toxic pollutant into the environment. It is therefore crucial to accurately 

determine whether there are any mercury residues present within these energy 

sources. This work developed a green technique that uses inductively coupled plasma 

optical emission spectroscopy for the quantification mercury in fuel oils. Using a vortex-

assisted dispersive liquid-liquid microextraction (VA-DLLME) technique, three distinct 

deep eutectic solvents (choline chloride + ethylene glycol, choline chloride + levulinic 

acid, and betaine + levulinic acid) were synthesized, characterized, and applied in Hg 

extraction in fuel oils prior to quantification using ICP-OES. The optimum conditions 

for the newly developed method were as follows 4.5 pH, 5 minutes extraction time, 164 

µL volume and 665 µL disperser solvent. The values for the enrichment factor (EF), 

percentage RSD, and limit of detection (LOD) were 2.3 %, 234 %, and 0.25 µg/L, 

respectively. Higher recoveries of 99.9 % were achieved, and the method was 

validated by the analysis of NIST SRM 2778, which had a certified mercury value of 

38.98 µg/kg ±1.10 µg/kg. The newly developed method was applied in real crude oil, 

kerosene, diesel, and gasoline. The concentration obtained were 0.390±0.01-

0.510±0.09 µg/g for crude oil samples, 0.308±0.05-0.402±0.05 µg/g for gasoline 

samples, 0.370±0.35-0.510±0.080 µg/g for diesel oil samples and 0.09±0.09-

0.098±0.02 µg/g for kerosene samples. 

4.1.  Introduction  

Hitherto, accurately determining total mercury in fuel oils remains a challenge in 

the analytical community. The reason it is a challenge to quantify mercury is due to its 

volatile nature. Mercury, in several of its chemical forms, such as Hg0, Hg+ and Hg2+ is 
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a trace pollutant that exists naturally in these energy resources. The detrimental effects 

of the former are well documented in the literature, especially toxicity to human health 

and the environment [2]. The processing of these energy resources, such as crude oil 

and the burning of its derivatives (gasoline, diesel oil and kerosine), are responsible for 

the release of this toxic pollutant into the environment [3–6]. Therefore, accurately 

quantifying this pollutant in these energy resources is paramount.  

Sample preparation is an important step in chemical analysis. Eliminating any 

species that could interfere and preconcentration of the analyte(s) was the main goal 

of the study. Furthermore, it enables the determination of analyte(s) at trace levels and 

the analysis of more complex matrix materials [7]. Analyte transfer from the starting 

phase into an acceptor phase that is better compatible with the analytical instrument is 

the basis of the former method [8]. Extraction techniques such as liquid-liquid extraction 

(LLE) and solid phase extraction (SPE) have been applied to extract mercury from 

various matrices. However, these traditional methods have some limitations. On the 

one hand, LLE makes use of large volumes of organic solvents, difficult automatization, 

high costs, high environmental pollution, low selectivity and low reproducibility. On the 

other hand SPE has low selectivity, makes use of large sample volumes, involves 

multiple stages of processing, it is laborious and time-consuming [9,10]. These days, 

smaller formats—known as microextraction techniques—are used to take advantage 

of the benefits of traditional extraction methods while eliminating the limits of 

conventional LLE and SPE techniques. such as minimum use of large volume of 

organic solvents and environmental pollution [11,12].  

Techniques such as liquid liquid microextraction (LLME) have been developed 

to address the shortcomings of traditional LLE. Usually, LPME occurs in small amount 

of the acceptor phase (often in the µL range). Depending on how the extractant comes 

into contact analyte this new generation of extraction techniques can be split into three 

categories. Hallow-fiber liquid liquid microextraction (HF-LLME), dispersive liquid-liquid 

microextraction (DLLME), and single-drop microextraction (SDME) are a few examples 

of this [13]. Compared with published LLME procedures, dispersive liquid 

microextraction has become far more common. DLLME is widely used in the analytical 

community primarily due to its simplicity: it requires very little extraction solvent and 

produces high enrichment factors, rapid extraction, and phase separation. This method 
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involves injecting the sample solution with a syringe containing a suitable mixture of 

two solvents, one of which serves as an extractant and the other as a dispersive 

solvent. Finally, centrifugation occurs, which causes the extraction phase to 

congregate at the bottom of the extraction vessel. Following this, a hazy solution is 

produced in which the sample solution contains small, uniformly dispersed droplets of 

extraction solvent [14–17].  

 Deep eutectic solvents (DES) are liquid solvents that form at room temperature 

when two salts are added together namely a hydrogen bond donor, and a hydrogen 

acceptor bond are mixed together. In the former case, the eutectic mixture is 

characterized by having a melting point lower than the individual precursor 

constituents due to the phenomena of charge delocalization. DESs have excellent 

thermal stability, are non-volatile, non-toxic, and dissolve a wide range of inorganic 

and organic substances easily. Regarded as an environmentally friendly generation of 

ionic liquids. Furthermore, DESs have several advantages over ILs, including lower 

production costs, ease of synthesis, and superior biocompatibility when utilizing 

quaternary ammonium salts and have been used in various extraction methods [21–

23].  

Khan and Soylak [24] reported a green technique employing DESs to extract 

and measure mercury concentrations in fish, water, and hair samples. The method 

obtained reproducibility of 6.32 % and satisfactory recoveries ranging from 95 to 102 

%. Their method obtained   limit of quantification of 0.325 µg/L and detection limit of 

0.09 µg/L.  Altuny et al. [25] reported the use of natural DESs to quantify the total 

concentration of mercury in fish and ambient water.  

Through statistical validation, the dependability (recovery of 92–98.7 % and 

RSD of 1.9–5.5 %) was confirmed through the examination of two standard reference 

materials (SRMs)—one with and one without spiking. The linearity range is 3–270 

µg/g, with quantification and detection limits of 3.10 µg/g and 0.92, respectively, and 

preconcentration and sensitivity enhancement factors of 120 and 35.  

To the best of our knowledge, no research has used DLLME based on DESs 

to report the total concentration of mercury found in crude oil.  To measure mercury in 

crude oil and its derivatives, this work developed a dispersive liquid-liquid 

microextraction (DLLME) method that used DESs as extraction solvents for the first 
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time. Total mercury in crude oil and several of its derivatives can be measured 

accurately using natural DES based on ethylene glycol and choline chloride. Dithizone 

was originally used as a complexing agent to form the Hg-dithizone complex. The 

complex was then extracted using a small amount of the extractant (164 µL). A vortex 

mixer was used to aid with the DLLME technique. Multivariate optimization was 

sometimes used instead of univariate optimization. The most important parameters 

were screened using a two-level half-factorial design, and response surface 

methodology based on Box-Behnken BBD was also used for additional optimization.  

4.2.  Materials and methods  

4.2.1.  Reagents and solutions  

Choline chloride,ethylene glycol leculinic acid and betaine  were purchased 

from   from Sigma-Aldrich in South Africa. The choline chloride was vacuum-dried 

before use. Once received, the other compounds were used as is. In Table 4.1, the 

synthesized DESs and their abbreviations are shown. After being cleaned with soap 

and water, the glasswares were soaked in 5 % nitric acid and rinsed with deionized 

water before being dried and stored in lockers. A 1000 mg/L mercury standard solution 

(Sigma-Aldrich, South Africa) was diluted to create the mercury standards. 70 % 

suprapure HNO3 and the mercury standard reference material (NIST SRM 2778) were 

acquired from Sigma-Aldrich in South Africa. The crude oil samples were purchased 

in triplicates from a South African crude oil refinery company. Crude oil derivatives 

such as gasoline, diesel, and kerosene were purchased from three local filling stations 

in the Johannesburg, South Africa. Nylon microfilters (0.45 µm) were bought from 

Anatech Instrument, South Africa, and all the fuel samples that were obtained were 

labelled in accordance with Table 4.2.  
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Table 4. 1: The components of DESs, chemical structural information and their mole 

ratios. 

Abbreviation  Hydrogen bond 

acceptor (HBA)  
Hydrogen bond 

donor (HBD)  
Mole ratio (HBA:  

HBD)  

DES 1  Choline chloride 

 

Ethylene glycol 

 

1:2  

DES 2  

Choline chloride 

 

Levulinic acid 

 

1:2  

DES 3  Betaine 

 

Levulinic acid

  

1:2  

  

 

Table 4. 2: Different types of fuel samples and their derivatives.  

Sample type  Sample 1  Sample 2  Sample 3  

Crude oil  COS 1  COS 2  COS 3  

Gasoline   GS 1  GS 2  GS 3  

Diesel oil  DS 1  DS 2  DS 3  

Kerosine   KS 1  KS 2  KS 3  

  

4.2.2.  Instrumentation  

4.2.2.1.  Inductively coupled plasma-optical emission spectroscopy  

The sample oil and extractant solution were mixed in a VM-3000 MD vortex 

mixer for quantitative analysis. Using a pH meter equipped with an electrode made of 

glass, the pHs of the solutions were determined. Afterwards, to guarantee correct 

phase separation, a benchtop centrifuge was employed. Mercury analysis was 

performed on the generated digests using an axially oriented flame on an Agilent 

Technologies 720 Series ICP-OES. For all measurements, argon (99.9992 %, 

Carburos Metalicos, Barcelona, Spain) was utilized. Additionally, an Agilent 
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Technologies SPS 3 autosampler was used for sample introduction using a cyclonic 

spray chamber and sample uptake utilizing a concentric nebulizer. All the instrument’s 

sources and models are presented in Table 4.3. The ideal conditions of the Agilent 

Technologies 720 Series ICP-OES are presented in Table 3.2.  

 

Table 4.3: Type of instrument, model and their sources. 

Instrument Model Source 

Vortex mixer Medline Scientific United Kingdom 

pH meter pH 2005, JP Selecta Spain 

Benchtop centrifuge Universal-320, Hettich 

centrifuges 

England 

Inductively coupled 

plasma optical 

emission spectroscopy 

Agilent technologies Melbourne, Australia 

 

4.2.3.  Characterization techniques  

4.2.2.1.  Fourier Transform infra-red spectroscopy (FT-IR)  

To determine the functional groups, present in the deep eutectic solvents and 

their precursor compounds, Fourier Transform infrared spectroscopy, or FT-IR, was 

utilized. The synthesized deep eutectic liquids' Fourier-transformed infrared (FTIR) 

spectra were measured using the KBr wafer technique on a Bruker Tensor 27 FTIR 

spectrophotometer (Bruker Optics, GmbH, Germany). While the liquid samples were 

supported on transparent KBr film, the solid samples were made in KBr pellets. During 

the analysis, the data was recorded in the 400–4000 cm–1 range.  

4.2.2.2.  Thermogravimetric analysis (TGA)  

Thermogravimetric analyzer device model Q500 from TA Instruments-Waters 

LLC (TA Instrument firm, USA) was used to measure the thermal stability and thermal 



 

119 

 

decomposition temperatures of all the synthesized DES. Sample holders made of 

platinum were used to hold each sample individually, with a flow rate of 40 millilitres 

per minute of nitrogen atmosphere. Every sample underwent heating at a rate of 10 

◦C/min, rising to 600 ◦C.  

4.2.2.3.  13C nuclear magnetic resonance (NMR)  

Using a Bruker Advance II spectrometer (Massachusetts, United States) 

running at 100 MHz (13C), the nuclear magnetic resonance (NMR) data were collected 

at 289.2 K. CdCl3 was used to prepare the samples, which were done in 5 mm tubes. 

The alteration in chemical composition was compared to that of CdCl3. To analyze the 

spectra, MestreNova (version 9.1.0-14011) was employed.  

4.2.4.  Preparation of deep eutectic solvents   

Levulinic acid and ethylene glycol were the hydrogen bond donors (HBDs) in 

two of the three DESs that were synthesized, while choline chloride was the hydrogen 

bond acceptor (HBA) in the other two. Levulinic acid served as the HBD and betaine 

as the HBA in the preparation of the third one. The DESs were prepared in 50 g 

batches with a 1:2 molar ratio of HBA to HBD. An analytical balance was used to weigh 

the ingredients with an accuracy of ± 0.1 mg. After adding the liquid to 15 mL centrifuge 

tubes, a vortex mixer was used to fully vortex the mixture. After that, the mixture was 

put into a round-bottom flask and heated to a regulated temperature of 50 °C until a 

uniform, clear liquid was formed.  

4.2.5.  Vortex-assisted-natural deep eutectic solvent-based dispersive liquid-

liquid microextraction (VA-DES-DLLME) procedure  

Five mL aliquots of working solutions which contained 100 µg/L of mercury (II) 

and 0.02 % m/v dithizone were adjusted to pH 4.5 and transferred into 15 mL 

centrifuge tubes. The sample solutions were then injected with 667 µL of disperser 

solvent (methanol) which was mixed with 164 µL of DES., The mixture was then 

vortexed for five minutes. The phases were then separated by centrifugation at 4000 

rpm for five minutes. The enriched extract was then withdrawn using a syringe and 

transferred into 10 mL volumetric flasks before being diluted to the appropriate level. 
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Finally, the samples were transferred into 15 mL centrifuge tubes and later taken for 

ICP-OES analysis.  

  

Figure 4. 1: Vortex assisted-natural deep eutectic solvents based dispersive liquid-

liquid microextraction (VA-DES-DLLME) procedure.  

 

4.2.6.  Optimization of the VA-DES-DLLME procedure  

The most influential parameters which affected the extraction process were first 

optimized. These variables included centrifugation time, pH, volume of extracting 

solvent, volume of disperser solvent, and extraction time. For this, a multivariate 

optimization strategy was used.  

This approach is also useful in determining the most suitable model for the 

relationship between the components and the optimal experimental conditions [22]. 

The Box-Behnken (BBD) response surface methodology (RSM) was utilized to identify 

the optimal values for the relevant components following an initial screening using a 

two-level half factorial (25-1) design. Each factor was assigned three levels (minimum 

(-), middle (0), and maximum (+)), as shown in Table 4.4. A total of 17 experiments 

were conducted. To further optimize the relevant components, they were categorized 

into three tiers (Table 4.5), and a total of 27 trials were generated using Minitab 

software 2018. 
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Table 4. 4: Two-level half factorial (25-1) experimental design.  

Factor  Min (-)  Central (0)  Max (+)  

pH  1  7  13  
Volume of dispersive solvent (mL)  0.25  0.625  1  
Volume of extracting solvent (mL)  0.05  0.1  0.15  
Extraction time (min)  10  15  20  
Centrifugation time (min)  1  5.5  10  

 

 

Table 4. 5: Response methodology based on BBD experiment design.  

Factor  Min (-)  Central (0)  Max (+)  

pH  2  6  10  

Volume of disperser solvent (mL)  0.25  0.625  1.0  

Volume of extracting solvent (mL)  0.05  0.275  0.5  

Extraction time (min)  0.5  5.25  10  

  

4.3.  Results and discussion  

4.3.1.  Characterization of synthesized deep eutectic solvents (DESs)  

4.3.1.1.  Fourier Transform Infrared spectroscopy (FT-IR)  

FT-IR (Fourier transform infrared spectroscopy) was used to confirm the 

functional groups in the synthesized DESs. Figure 4.2 (A-C) displays the FTIR spectra 

of the three synthesized DESs. The O-H stretching vibrations are represented by a 

large peak at 3220 cm-1 in the FT-IR spectra of pure choline chloride, as seen in Fig. 

4.2 A. There was evidence of CH2 aliphatic bending at 1480 cm-1 and a band at 955 

cm-1 which was caused by C-N+ stretching. C-O stretching vibrations and C-O-H 

bending vibrations are represented by the vibration bands at 1083 cm-1 and 1013 cm-

1, respectively [26]. Additionally, a C-H stretching at 3027 cm-1 and a CH3 bending at 

1346 cm-1 are noted [27]. A large peak at 3296 cm-1 was seen in the pure ethylene 

glycol spectra, and this peak corresponds to the O-H stretching vibrations. bands that 

matched the stretching vibrations of CH2 at 2876 and 2934 cm 1. Peaks for free C-OH 

and C-C are seen at 1089 and 879 cm-1, respectively [28].   

The primary mechanism for the creation of the deep eutectic solvent is the 

hydrogen bonding that occurs between the ethylene glycol and the chloride anion of 
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choline chloride. The FTIR spectra showed that most peaks in DES 1 spectrum were 

from ethylene glycol. A vibrational band at 3296 cm-1, which was associated to the O-

H group was observed.  Another peak at 955 cm-1 which was caused by choline 

chloride was also observed. The C-N+ stretching is the cause of this new band.   

The C-H stretching vibrational bands are located at 2934 cm-1 and 2876 cm-1, 

the CH2 bending of an alkyl group is at 1480 cm-1, and the functional groups—C-O 

stretching, C-C-O asymmetric stretching, and C-C-O symmetric stretching—are at 

1083 cm-1, 1036 cm-1, and 861 cm-1 [29]. Hence, the synthesis of DES 1 was 

successful.  

The FTIR spectra of DES 2, levulinic acid, and choline chloride are displayed 

in Fig. 4.2 B. Choline chloride's spectrum is identical to the one shown in Fig. 4.2 A 

above. The presence of an aliphatic ketone is indicated by vibrational bands at 1399 

cm-1, 1363 cm-1, 1206 cm-1, 1159 cm-1, and 1702 cm-1 in the FT-IR spectrum of levulinic 

acid. A large peak was seen at 3074 cm, -1 which is the location of the carboxylic group 

found in levulinic acid's structure. Levulinic acid FTIR spectrum supports the 

categorization of the substance as a keto-acid. Ultimately, the synthesised DES 2's 

spectrum was determined, and an alkyl group was identified by the vibrational bands 

at 2929 cm-1 and 1480 cm-1. Furthermore, an aliphatic ketone group is indicated by 

vibrational bands at 1708 cm-1, 1399 cm-1, 1363 cm-1, and 12001159 cm-1. Finally, a 

fingerprint at 955 cm-1 was also detected, indicating that the CN+ group was derived 

from choline chloride [30].  

The FTIR spectra of DES 3, betaine, and levulinic acid are displayed in Fig. 4.2 

C. The stretching vibration frequency of a carbonyl group at 1702 cm-1 and a (COO-) 

group at 1621 cm-1 are seen in the betaine FT-IR spectra. There is also a peak at 937 

cm-1 that corresponds to C-N+, and there are peaks at 1492 cm-1 and 1381 cm1 that 

relate to CH2 stretching. Levulinic acid's FT-IR spectra is identical to that of Fig. 4.2 B 

above. The creation of a hydrogen bond between the -COO- in betaine and the -OH 

in levulinic acid is what causes DES 3 [31].  

Due to the strong electronegativity of the O- in the -COO- group, a hydrogen 

bond is created when it encounters the positively charged H atom on the -OH. First, 

the hydrogen bonding between the HBD creating the DES and HBA caused the broad 
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band at 3074 cm-1 for -OH stretching vibrations to move 2922 cm-1. The OH stretching 

vibration is lessened because of this molecule contact. Furthermore, betaine's -COO- 

stretching vibration shifted from 3016 cm-1 to 2922 cm-1 because of hydrogen bonding 

interaction [31]. This confirms the successful synthesis of DES 3.  

  

Figure 4. 2: FT-IR spectra for A) DES 1 and its pure compounds, B) DES 2 and its 

pure compounds and C) DES 3 and its pure compounds.  

 

4.3.1.2.  Thermogravimetric analysis (TGA)  

To verify the thermal stabilities of the synthesized DESs and their pure 

constituents, thermogravimetric analysis (TGA) was employed. This technique's 

fundamental idea is to heat a sample at a regulated rate in a certain environment (air, 

Ar, or N2). The substance's weight variation is noted in relation to temperature and/or 

time. Additionally, it offers details on the chemical analysis and the thermal stability 

forecast up to 1000 °C. TGA examination of DES will provide information about their 
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behaviour, particularly when used in industrial procedures like separation [32]. Figure 

4.3 (A-C) shows the thermograms of the three synthesized DESs and their pure 

constituents.  

The TGA curves for the three DESs and their precursors at a heating rate of 5 

K.min-1 are shown in Fig. 4.3 (A-C). The three synthesized DESs generally exhibited 

decomposition at intermediate temperatures between their antecedents, supporting 

the interactions between the constituent parts. DES 1, a mixture of ethylene glycol and 

choline chloride, exhibits better thermal stability than ethylene glycol alone. There are 

three distinct phases of deterioration found. The initial phase of mass loss in DES 1 

from 58 to 213.2 °C is roughly 35.2 %, which is associated with ethylene glycol 

volatilization below its boiling point of 198 °C.  

The second deterioration stage, which occurs between 213.2 °C and 262.4 °C 

and has a mass loss of 11.5 %, is associated with further ethylene glycol volatilization 

above its boiling point. The loss of choline chloride itself occurs at the final degradation 

stage, which is represented by a mass loss of 60 %. This pattern agrees with N. 

Gajardo-Parra's findings [33]. In contrast to DES 1, which displays numerous 

degradation steps, DES 2 and DES 3 only display one. In DES 2 and DES 3, this 

suggests that the contacts between the hydrogen bond donor (HBD) and hydrogen 

bond acceptor (HBA) are stronger. As a result, their breakdown is compared to that of 

a pure substance. This analysis's most significant finding is that, at high temperatures, 

DESs first break down HBD and then HBA. These outcomes align with several findings 

from the literature [34,35].  
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Figure 4. 3: Thermographs for A) DES 1 and its pure compounds, B) DES2 and its 

pure compounds and C) DES 3 and its pure compounds.  

 

4.3.1.3.  13C nuclear magnetic resonance  

Nuclear magnetic resonance (13C NMR) was used to further confirm the 

successful synthesis of the deep eutectic solvents, Fig. (4.6, 4.7 & 4.8) show the 13C 

NMR spectra for choline chloride, ethylene glycol, DES1, levulinic, DES2, betaine, and 

DES3. The 13C NMR data for each DES are shown in Table 4.6, 4.7 & 4.8. The signals 

in each table show excellent agreement with published values in the literature [36]. 

This confirms the successful synthesis of deep eutectic solvents.  
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Table 4. 6: 13C NMR data for DES1.  

Carbon level  Carbons  Integral  DES1  

(ppm)  

a  -N(C3)  3C  53.24  

b  α-CH2  1C  55.35  

c  β-CH2  1C  67.27  

d  CH2  2C  63.12  

  

 

Table 4. 7: 13C NMR data for DES2.  

Carbon level  Carbons  Integral  DES2 (ppm)  

a  -N(C3)  3C  53.56  

b  α-CH2  1C  67.37  

c  β-CH2  1C  55.74  

d  CH3  1C  27.85  

e  CO  1C  207.69  

f  CH2  1C  39.03  

g  CH2  1C  29.85  

h  COO  1C  174.14  
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Table 4. 8: 13C NMR data for DES3.  

Carbon level  Carbons  Integral  DES3  

(ppm)  

a  N(CH3)3  3  53.94  

b  CH2  1  65.92  

c  C  1  77.56  

d  C  1  167.11  

e  CH2  1  29.96  

f  CH2  1  37.98  

g  C  1  174.89  

h  CH2  1  28.18  

  

  

Figure 4. 4: 13C NMR for DES 1.  
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Figure 4. 5: 13C NMR for DES 2.  
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Figure 4. 6: 13C NMR for DES 3.  

 

4.3.2.  Selection of deep eutectic solvents (DESs)  

The type of extracting solvent used in dispersive liquid-liquid microextraction is 

of great importance for efficient extraction. In most cases, the ideal extraction solvent 

has two properties: hydrophobicity and higher solubility for the analytes compared with 

water. Three different deep eutectic solvents were compared for the extraction of 

mercury from fuel matrices. Choline chloride: ethylene glycol (DES 1), choline chloride: 

levulinic acid (DES 2), and betaine: levulinic acid (DES 3) was studied as extracting 

solvents. Mercury complex was formed by 0.02 % m/v of dithizone which was then 

extracted with 100µL of each deep eutectic solvent using 0.75 mL of methanol as a 

dispersive solvent. According to the results (Fig. 4.7), all the DESs showed good 

recoveries above 80 % with DES 1 showing the highest recoveries. The good 

extraction performance for DES 1, and DES 2 can likely be attributed to the 
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coordination of mercury by chloride anion. However, it seems like the electron cloud 

was richer around the chloride anion for DES 1 than DES 2, hence higher recoveries 

for DES 1. For the zwitterionic DES 3, coordination by the carboxylate group may 

provide a favorable environment for mercury [37].  

 

 

Figure 4. 7: Recoveries for DES1, DES2 & DES3 after a DES-DLLME procedure   

   

4.3.3. Multivariate optimization of deep eutectic solvent based dispersive 

liquid-liquid microextraction parameters  

 

4.3.1.1.  Two-level half factorial design  

It was critical that we first identify the key variables influencing the VA-

DESDLLME process. The parameters that were investigated included pH, extraction 

time, centrifugation time, volume of extracting solvent, and volume of disperser 

solvent. This was accomplished by using a two-level half factorial design (25-1). The 

two-level half factorial design parameters, number of experiments, experimental 
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conditions, and results are shown in Appendix Table S5, and the analysis of variance 

(Appendix Table S6) was propagated as a pareto chart (Fig. 4.8). The bars show the 

estimated effect's absolute value, while the red vertical line denotes the 95 % 

confidence level. The graph indicates that, with a 95 % confidence level, pH was the 

most important parameter.  

The extraction efficiency and chelate formation are both impacted by sample 

pH [24]. The volume of the disperser solvent, the volume of the extracting solvent, and 

the extraction duration were additional significant factors at the 95 % confidence level. 

There was a considerable interaction between the disperser solvent volume and both 

the centrifugation and extraction times. The two stages were simple to differentiate 

because the centrifugation duration was the only factor that did not matter. These 

important variables were selected for additional optimization through the application of 

the Box-Behnken design-based response surface methodology.   

 

  

Figure 4. 8: Pareto chart showing the overall mercury content of fuel oils using a two-

level two-level half factorial design (25-1).  
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4.3.1.2.  Box Behnken design  

After screening the most significant variables at 95 % confidence level, 

Response surface methodology (RSM) based on Box Behnken (BBD) was utilized for 

further optimization. The reason behind choosing BBD over CCD (both are mostly 

reported in the literature) is that CCD gave us some negative values and more 

experiments on our experimental design than BBD. The latter enabled us to obtain 

optimum values for the significant parameters, and we were able to examine the 

interaction between two variables and their analytical response. Appendix Table S7 

presents the factors, number of experiments, experimental conditions, and outcomes 

of the two-level half factorial design. Appendix Table S8 employs analysis of variance 

(ANOVA) to assess the caliber of the findings. The model's adjusted R2 value of 0.9338 

and determination coefficient (R2) of 0.9542 indicated that it was appropriate for 

optimizing the preconcentration process. This indicates that the model was able to 

accommodate more than 93 % of the data.  

According to Fig. 4.9 (A, B and C), mercury recoveries increase with the 

increase in pH but start to decrease beyond pH 4.5. This is consistent with some 

literature reports. On one hand, low pH values lead to severe acidity effects and 

instability of the Hg-DTz complex. On the other hand, higher pH values lead to the 

hydrolysis of Hg2+, which leads to the subsequent decomposition of Hg-DTz complex 

[38]. Zhongben Gao and Xiaoguo Ma [39] state that most possible coexisting metal 

ions are not chelated with dithizone at this acidity, approximately at pH 4.5. The 

extraction efficiency rises when the volume of DES increases from 50 to 164 µL, as 

seen in Fig. 4.9 (A & D). However, when the DES volume exceeded 164 µL, the 

extraction efficiency dropped. It appears that the superabundant extractant in 665 µL 

of methanol is not dispersed sufficiently to produce fine droplets, which leads to a 

decrease in extraction efficiency. It was discovered that the extraction efficiency rose 

when the methanol volume was increased to 665 µL and then fell when the methanol 

volume was increased even higher (Fig. 4.9 B & D).  

The following explanation can be given for this phenomenon: A reduced volume 

of methanol did not adequately distribute DES, resulting in a poorer extraction 

efficiency. Conversely, employing more methanol would make the analyte-DZ 
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combination more soluble, which would reduce extraction efficiency [39]. Finally, 

improving the vortex time resulted in better recoveries up to five minutes; after that, 

the recoveries were unchanged. Therefore, the ideal vortex time was determined to be 

five minutes.   

By utilizing surface plots and the quadratic equation (Eq. 4.1), the ideal 

parameters were determined to be pH 4.5, vortex time of 5 minutes, extractant volume 

of 164 µL, and disperser solvent volume of 665 µL. It is crucial to emphasize that the 

optimal concentration of the chelating agent (dithizone) was acquired from the 

literature rather than being optimized for this investigation [39].  

% 𝑹𝒆𝒄𝒐𝒗𝒆𝒓𝒊𝒆𝒔 =   11.86 − 2.0746 𝐴2 − 0.1474 𝐵2 − 32.93 𝐶2 − 58.6 𝐷2 − 0.0776 

𝐴𝐵 − 1.800 𝐴𝐶 − 0.64 𝐴𝐷 − 1.333 𝐵𝐶 − 3.478 𝐵𝐷 − 

10.7 𝐶𝐷                                                                                                      Eq. 4. 1     

Where A represents sample pH, B represents vortex time, C represents 

disperser solvent volume, D represents extractant volume.  

  

Figure 4. 9: Response surfaces vs (A) pH. Extractant volume, (B) pH. Disperser 

solvent volume, (C) pH. Vortex time, (D) extractant volume. disperser 

solvent volume obtained from Box Behnken design. Experimental 

conditions: 5 mL sample mass, 4.5 pH, 164 µL extractant volume and 665 

µL disperser solvent volume.  
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4.3.4.  Validation studies  

The analytical performance of the developed method was investigated using 

optimum conditions. A procedure developed by Rastegarifard et al 2017 [21] was 

followed with some minor modifications. Briefly, crude oil samples were spiked with 

varying concentrations of Hg to generate a calibration plot. The calibration curve is 

linear in the range 10-100 µg/L with a correlation coefficient of R2= 0.9974. The limit 

of detection (LOD) and limit of quantification (LOQ) were defined by 3Sb/m, and 

10Sb/m (where Sb is the standard deviation of 10 blank samples and m is the calibration 

slope), respectively. The LOD and LOQ were 0.025 and 0.083 µg/L, respectively. The 

enrichment factor (EF) was determined by dividing the slope of the analyte's calibration 

curve, as obtained with organic standards following the preconcentration procedure, 

by the slope of the same calibration curve, as obtained with organic standards without 

preconcentration [40]. The enrichment factor was obtained to be 234.  

Considering the analytical merits achieved, the validity of the method was 

tested before its application to real samples. To achieve that, the accuracy, 

repeatability, and reproducibility of the developed method was evaluated. For 

accuracy, a NIST SRM 2778, was analyzed using the ideal conditions of the developed 

method. Recoveries obtained were 99.9 % showing that the proposed method was 

acceptable. The intra and inter-day precision of the proposed method were also 

assessed. The precision (as % RSD) for the repeatability was calculated by performing 

seven replicates spiked at 10 µg/L Hg (II) in the same day. The % RSD obtained was 

2.3 % with recoveries ranging from 95.5–97.5 %. Moreover, the reproducibility was 

calculated by extractions on three consecutive days for seven replicates spiked at 50 

µg/L Hg (II), and the % RSD obtained was 4.5 % with recoveries in the range 92.5-

95.6 %.  

4.3.5.  Greenness assement of VA-DLLME procedure  

The environmental impact of the vortex-assisted deep eutectic solvent-based 

dispersive liquid-liquid microextraction procedure was evaluated using AGREEprep 

greenness metric. The former is a qualitative and quantitative tool which only focuses 

on the greenness of the sample preparation method, hence the name AGREEprep 

[41]. In addition to evaluating greenness, AGREEprep assessment can assist in 
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detecting the strengths and weaknesses of methods, thereby facilitating the greening 

of sample preparation procedures.  

Ten effect categories serve as the foundation for this metric tool, which is 

recalculated into sub-scores on a 0–1 scale. A pictogram's sections are each a distinct 

color, ranging from red to green. The following are the AGREEprep categories: In situ 

sample preparation (a), safer solvent and reagent use (b), the use of sustainable, 

reusable, and renewable materials (c), waste reduction (d), the reduction of sample, 

chemical, and material amounts (e), maximizing sample throughput (f), step integration 

and automation (g), energy consumption reduction (h), selecting the most 

environmentally friendly post-sample preparation configuration for analysis (i), and 

operator safety (j).ensure operator’s safety [42]. The outcome of the assessment of 

this study is presented in the form of a pictogram (Fig. 4.10).   

  

Figure 4. 10: Pictogram for AGREEprep for VA-DES-DLLME method.   

The pictogram (Fig. 4.10) indicates that the VA-DES-DLLME technique was 

more environmentally friendly because it shows a total score of 0.72, which is near to 

the ideal value of 1. Furthermore, certain literature studies [43] state that a method is 

deemed greener if it achieves a score of at least 0.6, which validates the suggested 

VA-DLLME procedure's greenness. This discovery aligns with a research study 

published in 2022 by Hay et al. [44]. Criteria 1, 4, 5, and 9 all had low scores. Because 
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the extraction was done in a lab setting (ex-situ), the score for criteria 1 was low. 

Criterion 4 received a low score from the approach due to the quantity of garbage it 

generated. Because the sample size was 5 mL, which was a tad high, Criterion 5 was 

likewise subpar. Criteria 9, on the other hand, was subpar since the ICP-OES, a 

powerful and energy-hungry analytical equipment, was used for the analysis. 

Therefore, by choosing more environmentally friendly options for criteria 1, 4,5, and 9, 

this approach can be made greener.  

4.3.6.  Comparison of the proposed method with other literature reports  

The analytical performance of the proposed VA-DES-DLLME was compared 

with other literature-reported LLE procedures, as shown in Table 4.9. The analytical 

features that were compared include, correlation coefficient (R2), limit of detection 

(LOD), limit of quantification (LOQ), accuracy and precision, which are mostly reported 

in the literature. From Table 4.9 it is clear that the figures of merits of the proposed 

method are comparable with the others reported methods. However, the proposed 

VADES-DLLME method showed very low detection limits, limit of quantification, high 

accuracy, and low %RSD compared to most of the reported LLE methods. There are 

only two studies that reported better limits of quantification (0.12 and 0.47 µg/L) but 

with poor precision (3.7 and 5 %) and accuracy (95.3 and 98 %) [42][43]. Therefore, 

the data tabulated in Table 4.9 confirms that DESs are excellent alternatives to toxic 

organic solvents for mercury quantification in fuel oils. 
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Table 4. 9: Comparing the suggested method's figures of merit with other LLE figures of merit that have been published. 

  

Sample Sample 

preparation 

method 

Extractant Correlation 

coefficient (R2) 

LOD 

(µg/L) 

LOQ 

(µg/L) 

Precision 

(%) 

Accuracy 

(%) 

Analytical 

technique 

REF 

Crude palm oil EIEB HCl N/A 0.036 0.12 3.7 95.3 CV-AFS [42] 

Gasoline LLE Propan-1-ol and 

HNO3 

0.9999 0.14 0.47 5 98-101 CV-AAS [43] 

          

Diesel oil, 

biodiesel oil 

and mineral oil 

EIEB HNO3 0.9985 0.6 1.9 3.5 80-103 CV-AAS [44] 

Gasoline EIEB HCl 0.9935 0.9 2.9 4.8 88-109 CV-AAS [45] 

Gasoline LLE Propan-2-ol 0.9990 0.1 NR 7-8 90-94 PVG-GF AAS [46] 

Naphtha and 

petroleum 

condensate 

LLE Propan-1-ol 0.9971-0.0075 0.5-0.6 1.8-2.1 4 92-113 CV-AAS [47] 

NIST SRM 

2778 

VA-NADES-

DLLME 

DESs 0.9974 0.25 0.83 2.3 99.9 ICP-OES This 

work 
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4.3.7.  Application of VA-DES-DLLME in real fuel samples  

After optimizing the most influential parameters and validation of VA-

DESDLLME, the method was applied on real crude oil, gasoline, diesel oil and 

kerosene. The real samples were labelled according to Table 4.2. The obtained 

mercury concentrations were presented in Table 4.10. According to the table crude oil 

was the most contaminated energy resource (0.390-0.510 µg/g) compared to its 

derivatives. This might be since crude oil is susceptible to mercury contamination due 

to the nature of its genesis. Kerosene was the least contaminated energy source 

(0.090-0.098 µg/g). This is good because kerosene is mostly used for domestic 

heating and cooking in households. The contamination of gasoline and diesel oil 

samples might be associated with contamination during storage and transportation.   

Comparing South African crude oil, gasoline, diesel oil and kerosene with other 

countries, the same are within mercury concentrations in other countries. For instance, 

in 2010 Torres et al [52] reported a preconcentrating method for the determination of 

mercury in gasoline. Mercury values ranging from 0.40 to 0.87 µg/L were obtained by 

the researchers using their approach on five gasoline samples. Lia and coworkers [53] 

investigation of the picograms of mercury in US gasoline was another intriguing study. 

The study found that the quantities of mercury in gasoline, kerosene, and diesel oil 

varied from 0.22 to 1.43 ng/g, 0.04 ng/g, and 0.40 ng/g, respectively. The 

determination of total mercury in crude oil and related products was the subject of a 

comparative study published in 2013 by Pontes and colleagues. It was discovered that 

the range of the total mercury concentration in crude oil was 46 to 204 ng/g [54]. This 

indicates that South African crude oil and its byproducts are not significantly mercury 

polluted.  
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Table 4.10: Total mercury concentration levels (µg/g) in real crude oil, gasoline, diesel 

oil and kerosine.  

Sample type  Concentration (µg/g)  

COS 1  0.390±0.01  

COS 2  0.510±0.09  

COS 3  0.475±0.08  

GS 1  0.308±0.05  

GS 2  0.379±0.02  

GS 3  0.402±0.05  

DS 1  0.438±0.20  

DS 2  0.370±0.35  

DS 3  0.510±0.08  

KS 1  0.095±0.01  

KS 2  0.098±0.02  

KS 3  0.090±0.09  

  

4.4.  Conclusion  

The proposed vortex-assisted deep eutectic solvent based dispersive liquid-

liquid microextraction (VA-DES-DLLME) was successfully developed and applied for 

the determination of total mercury in crude oil and its derivatives which are gasoline, 

diesel oil, and kerosene. The limit of detection and quantification obtained for the VA-

DES-DLLME were 0.025 µg/L and 0.083 µg/L, respectively. Recoveries and 

enrichment factor obtained from this method were 99.9% and 234, respectively. The 

mercury concentrations obtained in real crude oil were between 0.390±0.01 - 

0.510±0.09 µg/g which was in line with mercury concentrations from other countries. 

Mercury concentrations in crude oil derivatives ranged between 0.308±0.05 - 

0.402±0.05 µg/g, 0.370±0.35 - 0.510±0.08 µg/g and 0.090±0.09 - 0.098±0.02 µg/g for 

gasoline, diesel oil and kerosene, respectively. AGRREEprep was successfully applied 
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for the assessment of environmental friendliness of the newly developed method. The 

score obtained in this method was 0.72 which is near the optimum value of 1. Hence, 

it can be summarized that the newly developed VA-DES-DLLME procedure was 

environmentally friendly.    
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CHAPTER V  

 

Ultrasound-assisted magnetic dispersive solid phase microextraction based 

on Fe3O4-GO-Au for the preconcentration of mercury in fuel oils followed by 

ICP-OES determination  

ABSTRACT  

For the extraction of metal ions, graphene oxide (GO) is a highly effective adsorbent. 

GO surface functional moieties, however, are not metal ion specific. As a result, in this 

work, GO was chemically functionalized using gold to increase its mercury selectivity. 

To make the adsorbent's separation easier, the GO was first magnetized using the 

coprecipitation technique. The synthesized adsorbent was characterized using a 

variety of microscopic and spectroscopic methods. Trace amounts of mercury were 

extracted from crude oil and its byproducts, such as gasoline, diesel, and kerosine, 

using the sorbent. To analyze the extract, inductively coupled plasma optical emission 

spectroscopy (ICP-OES) was utilized. To find the optimal conditions for the extraction 

parameters, multivariate optimization techniques were used. The optimal parameters 

were determined to be a 20-minute extraction period, 30 mg of sorbent mass, pH 7, 

and 1.75 mol/L of HCl. Better recoveries were seen when 0.2 mol/L of thiourea was 

added to the eluent (HCl) as a mercury trapping agent. Preconcentration factor was 

255 and extraction recoveries were 105 % under optimal conditions. The limits of 

quantification and detection were 1.19 µg/L and 0.35 µg/L, respectively. For intraday, 

the relative standard deviation was 3.5 %. Real crude oil, diesel oil, gasoline, and 

kerosene samples were successfully treated using the synthesized adsorbent. It was 

discovered that there is not a significant mercury contamination in South African 

gasoline oils.  

5.1  Introduction  

Mercury in fuel matrices, which is recognized as a key source of energy, has 

drawn more attention in recent years [1]. Since crude oil has been in contact with many 

earthly layers for millions of years, the presence of mercury in these energy resources 

is unmanageable. The primary obstacle in quantifying total mercury is its presence in 

extremely low concentrations (trace levels), which are typically beyond the limits of 
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most analytical instruments' detection [2]. Preconcentration is therefore required prior 

to spectroscopic determination. Many preconcentration techniques, like liquid-liquid 

extraction (LLE) and solid phase extraction (SPE), are often used in analytical 

chemistry [3–5].  

Solid phase extraction is a preconcentration technique that separates and 

preconcentrates target analytes from a complex matrix by using a sorbent. The 

conventional SPE, from which all other new SPE techniques are derived from, is the 

one covered by this extraction methods. Four steps characterize the typical SPE: 

Sample loading, sorbent conditioning, washing, and elution [6]. Nevertheless, due to 

difficulties with separation and the need for significant amounts of organic solvents, 

classical SPE demonstrated certain drawbacks, including being labor-intensive and 

time-consuming. To eliminate these restrictions, several additional SPE were later 

developed. These consist of batch, column-based, dispersive, magnetic, and solid 

phase micro-extraction (m-SPME) as well as batch and micro-extraction (SPME) 

techniques. Out of all the newly listed SPE techniques, m-SPME has drawn the most 

attention because they require small amount of organic solvent to extract and 

preconcentrate analytes [7,8].   

The primary characteristic of the m-SPME is the easy separation achieved by 

mixing a magnetic sorbent with a non-magnetic adsorbent for ease of separation. As 

a result, the protocol is more practical than other ones. Many researchers combine the 

advantages of m-SPME with DSPME, such as its high adsorption efficiency and ease 

of operation [9]. In this case, the sample solution is mixed with the magnetic adsorbent 

and then ultrasonically dispersed. The magnetic sorbent containing the target analyte 

is extracted from the solution using an external magnet. The target analyte is finally 

separated from the adsorbent using an eluent before being collected for analysis. 

Numerous adsorbents have been documented in the literature to extract target 

analytes from various matrices. These include functionalized ZrO2 nanoparticles, 

magnetic iron oxide nanoparticles (Fe3O4), graphene oxide (GO), molybdenum 

disulfide nanosheets (MoS2), metal-organic frameworks (MOF), carbon nanotubes 

(CNTs), activated carbon, and cellulose nanoparticles, all of which have been 

extensively explored in SPE and possess intrinsic characteristics such huge surface 
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areas, ease of surface functionalization, and great mechanical strength, which have 

demonstrated significant potential [10].  

Among these nanomaterials, GO is a good sorbent for SPE because of its 

two-dimensional geometrical structure and the availability of hydroxyl, epoxy, and 

carboxyl groups on its surface. By exchanging a single pair of electrons with those at 

their basal plane and edges, these oxygen-containing functional groups can attach to 

heavy metal ions efficiently [11,12]. GO's adsorption efficacy for Hg (II) is, however, 

negligible, or non-existent. Therefore, GO structures containing groups that have a 

strong affinity for mercury must be modified.  

The initial goal of this effort was to magnetize GO through functionalization, 

which combines its benefits of GO with magnetic particles for simpler separation [13]. 

Finally, gold (Au) coating was applied to the synthesized nanocomposite to improve 

selectivity towards total Hg. Additionally, the addition of GO to the nanocomposite 

improves its support, which prevents the nanocomposite from clumping [13,14]. 

According to our best knowledge, for the first-time magnetic graphene oxide coated 

with gold (Fe3O4-GO-Au) was tested for the preconcentration of total Hg in fuel 

matrices. Using a solution of hydrochloric acid and thiourea as an eluent, inductively 

coupled plasma optical emission spectroscopy (ICP-OES) was utilized to analyze the 

final extracts. To maximize the most important parameters (pH, sorbent mass, 

sonication time, elution time, and eluent concentration), a multivariate optimization 

technique was used.   

5.2  Experimental section  

5.2.1.  Chemicals and reagents  

Glassware (volumetric flask and beakers) washed with soap and water, soaked 

in 5 % nitric acid, and then rinsed with deionized water. Then, the glassware was dried 

overnight at 100 °C in an oven. Using the proper dilution of a 1000 mg/L mercury 

standard solution (Sigma-Aldrich, South Africa), mercury standards were created. 

NIST SRM 2778, the standard reference material, contains certified mercury 

concentrations of 38.98 µg/kg ±1.10 µg/kg in fuel, 70 % ultra-pure HNO3, iron (II) 

chloride tetrahydrate (FeCl2.4H2O), iron (III) chloride hexahydrate (FeCl3.6H2O), 

graphite, thiourea, tetra chloroauric (III) acid (HAuCl4), sodium hydroxide (NaOH), 
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potassium permanganate (KMnO4), hydrochloric acid, hydrogen peroxide, sulfuric 

acid, phosphoric acid, and ammonia were obtained from Sigma-Aldrich, South Africa. 

A South African petrochemical company provided the crude oil samples, while actual 

gasoline, kerosene, and diesel samples were obtained from nearby filling stations in 

the Johannesburg area.  

Sigma-Aldrich, South Africa, supplied the 99 % xylene used to lower the 

viscosity of the crude oil sample and the neodymium-iron-boron alloy magnet used to 

eliminate magnetic nanoparticles. Every fuel sample that was purchased was labelled 

in accordance with Table 5.1. Nylon microfilters (0.45 µm) were purchased from 

Anatech Instruments in South Africa. Table 5.2 lists the synthesized nanocomposites 

along with their acronyms.  

Table 5. 1: Different types of fuel oils and their abbreviations.  

Sample type  Sample 1  Sample 2  Sample 3  

Crude oil  COS 1  COS 2  COS 3  

Gasoline   GS 1  GS 2  GS 3  

Diesel oil  DS 1  DS 2  DS 3  

Kerosine   KS 1  KS 2  KS 3  

  

Table 5. 2: Synthesized nanocomposites and their abbreviations.  

Abbreviation  Full name  

GO  Graphene oxide  

MGO  Magnetic graphene oxide  

MGO-Au  Magnetic graphene oxide coated with gold  

  

5.2.2.  Instrumentation  

The ICP-OES proved advantageous for determining trace elements in m-SPE 

extracts due to its multielement analysis capacity and sensitivity. The operating 

conditions of the ICP-OES are reported in Table 3.2. Using an axial torch orientation, 

Agilent Technologies 700 Series ICP-OES was used to analyze the extracted results 

for mercury. For sample uptake, an Agilent Technologies SPS 3 autosampler was also 

utilized.  
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5.2.3.  Characterization techniques  

The synthesized nanoparticles (GO, MGO, and MGO-Au) were confirmed using 

the following characterization techniques.  

5.2.3.1.  Fourier Transform infra-red spectroscopy (FT-IR)  

To determine which functional groups are present in a molecule, FT-IR is 

utilized. The synthesized nanoparticles' (GO, MGO, and MGO-Au) Fourier transformed 

infrared (FTIR) spectra were measured using the KBr wafer technique on a Bruker 

Tensor 27 (Bruker Optics, GmbH, Germany) FTIR spectrophotometer. The 

synthesized samples were compacted into a pellet after being combined with KBr. The 

data was recorded between 400 and 4000 cm-1 for the analysis.  

5.2.3.2.  Ultraviolet visible spectroscopy (UV-vis)  

To verify the UV spectra of the synthesized nanoparticles (GO, MGO, and 

MGO-Au), a 150 W Xenon lamp linked to a Shimadzu UV1800 spectrophotometer 

(RF-5301PC, Shimadzu) was utilized.  

5.2.3.3.  Powder-X-ray diffraction (P-XRD)  

The PANalytical X'Pert Pro powder diffractometer (P-XRD, PANalytical, Almelo, 

the Netherlands) was used to verify the crystalline size and diffraction pattern of the 

synthesized nanoparticles (GO, MGO, and MGO-Au). This instrument was fitted with 

1D X’Celerator detector, 10 mm programmable divergence slit and sample spinner 

(Spinner PW3064) with a rotation time of 1 s. Operating at 40 kV and 40 mA, the Cu 

Kα (λ = 0.15405 nm) tube served as the source of X-ray radiation. It is important to 

note that a monochromator was added to the detector to reduce the strong background 

brought on by the sample's fluorescence because of the presence of iron. Under the 

Gonio scan axis, the measurement was performed using a continuous scan type, step 

size, scan step time, and a 2h range of 5 to 90°, 0.0170°, 87 s, and 2h, respectively. 

After being pulverized with a pestle and mortar, the P-XRD samples were placed on 

the low background silicon sample holder. Following the X-ray measurements, the 

ICDD PDF-4+ 2019 database and High Score (Plus) software was used to evaluate 

the raw data. Scherer's equation (Eq.5.1) determines the size of the crystallite:   
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 where λ is X-ray wavelength (1.5406 Å), and β is the full width of the half maximum 

(FWHM) [15].  

5.2.3.4.  Transmission electron microscopy (TEM)  

Using a Jeol JEM-2100F transmission electron microscope apparatus (TEM, 

JOEL Ltd., Tokyo, Japan), transmission electron microscopy (TEM) was used to 

confirm the particle size, shape, and structure of the synthesized nanoparticles (GO, 

MGO, and MGO-Au). The latter had a LaB6 source and a charge-coupled device 

(CCD) digital camera, and it ran at 200 kV. Before TEM examination, a tiny layer of 

lacy carbon material was applied to the Cu-grid, a TEM grid of 200 mesh size, and a 

little amount of iron oxide material was scattered across it.  

5.2.3.5.  Scanning electron microscopy-energy dispersive spectroscopy 

(SEMEDS)  

Scanning electron microscopy-energy dispersive spectroscopy (SEM/EDS, 

Tescan, Brno, Czech Republic) was used to verify the shape, particle size, and 

elemental composition of the synthesized nanoparticles (GO, MGO, and MGO-Au). A 

Tescan Vega 3 LMH operating at 20 kV accelerating voltage was used for the scanning 

electron microscope (SEM) observations. Energy dispersive spectroscopy (EDS) and 

a secondary electron detector (SED) were employed. Prior to measurement, the 

samples' conductivity was increased by applying an Agar Turbo Carbon coater to 

them.  

5.2.3.6.  Brunauer-Emmett teller (BET)  

A Micromeritics ASAP 2460 was used to conduct a Brunauer-Emmett-Teller 

(BET) study, which looked at the synthesized nanocomposites' surface area, porosity, 

pore size, and pore volume. During the analysis, the synthesized materials were 

degassed with nitrogen gas at 150 °C for ten hours. The pore sizes and volumes were 

computed using adsorption curves and the BJ H model, and the experiments were 

carried out at 195.8 °C.   
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5.2.3.7.  Thermogravimetric analysis (TGA)  

The thermal stability and thermal decomposition temperatures of all the 

synthesized nanoparticles were investigated using a thermogravimetric analyzer 

instrument model Q500 from TA Instruments-Waters LLC. Sample holders made of 

platinum pans were used to hold each sample individually, with a nitrogen atmosphere 

flow rate of 40 milliliters per minute (40 mL/min). With a heating rate increase of 10 

/minute, all samples were heated from 10 to 600 ◦C.  

5.2.4.  Synthesis of nanoparticles  

5.2.4.1.  Preparation of Graphene oxide (GO)  

Hammer's method was adopted, albeit slightly modified, for synthesis of 

graphene oxide (GO). Briefly, 50 g of NaCl was ground for 10 minutes with 4 g of 

natural graphite powder. Next, NaCl was eliminated by filtering after dissolving in 

ultrapure water. Graphite powder (3 g) that was initially treated with NaCl was gradually 

added to the mixture of H2SO4 and H3PO4 (9:1) while stirring continuously. After that, 

the combination above was gradually mixed with 18 g of KMnO4 while it was 

submerged in an ice bath. After mixing the final product in a flask, it was stored at 50 

°C for a whole day [16,17]. To the reaction mixture, 50 ml of distilled water was added. 

For two more hours, the temperature was raised and stirring was done. Next, 10 mL 

of H2O2 and 20 mL of deionized water were added to stop the reaction. The final 

mixture was then centrifuged, and the brown precipitate was washed three times using 

deionized water and 5 % HCl [18]. To remove any last traces of salts and acids, the 

brown precipitate was subjected to dialysis. For later use, GO sheets were created by 

drying the final suspensions [19].  

5.2.4.2.  Preparation of magnetic graphene oxide (MGO) nanocomposite  

Approximately 1 g of GO powder was first sonicated for an hour in 250 mL of 

deionized water [20]. Next, the reaction mixture was placed on a heater that was 

surrounded by nitrogen. Dropwise additions of 2 mmol of FeCl3.6H2O and 1 mmol of 

FeCl2.4H2O (dissolved in 25 mL of deionized water) were made to the graphene oxide 

solution after the initial addition of 5 mL of ammonia. The reaction was stirred for five 
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hours at 80 °C, after which the resultant product (MGO) was centrifuged, cleaned with 

deionized water, and dried for the night at 60 °C [21].  

5.2.4.3.  Preparation of magnetic graphene oxide coated with gold (MGO-Au) 

nanocomposite  

Initially, 50 mg of MGO powder were sonicated for an hour at room temperature 

in 20 mL of deionized water. The dispersion was separated using an external magnet 

and then re-dispersed in 10 millilitres of deionized water. About 2 mL of sodium citrate 

solution (0.5% w/v) was mixed with 120 mL of NaOH solution (2 M), and 3 mL of 

HAuCl4 solution (20 mM). The redispersed sample from the previous stage was then 

added to the mixture [22]. After being mixed for an hour at room temperature, the 

finished product, MGO-Au, was separated using an external magnet, rinsed several 

times with deionized water, and dried at 60 °C.  

5.2.5.  Ultrasound assisted magnetic dispersive solid phase microextraction 

(UA-m-DSPME) procedure  

With a few minor modifications, the ultrasonic assisted magnetic dispersive 

solid phase microextraction (UA-m-DSPME) method was executed in accordance with 

the method published by Biata et al. [23] (Fig. 5.1). In summary, 5 mL of crude oil was 

tampered with using 100 µg/L of mercury standard. After the sample's pH was brought 

down to 6.5 with a buffer solution, it was put into a glass vial with 30 mg of MGO-Au 

adsorbent. The analyte was preconcentrated for 20 minutes at room temperature (25 

°C) in an ultrasonic bath. An alloy magnet made of neodymium, iron, and boron was 

then used to separate the adsorbent from the sample. The adsorbent containing the 

target analyte was then left behind when the fuel oil was decanted. 0.2 mol/L thiourea 

plus 1.75 mol/L HCl in 500 µL were used to elute the analyte(s) that were retained. It's 

crucial to remember that, for six minutes, ultrasonication also helped with elution. 

Ultimately, the eluent was gathered, filtered, and ICP-OES analyzed. Both real 

samples and blanks underwent the same process.  
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Figure 5.1: Crucial steps for ultrasound assisted-dispersive magnetic solid phase 

microextraction procedure (UA-m-DSPME).  

5.2.6.  Optimization of UA-D-m-SPME procedure  

A multivariate technique was used to carry out the UA-m-DSPME procedure's 

optimization process. The latter approach was utilized to minimize laboratory 

experiments and enable the assessment of interactions between the factors [24]. The 

Min tab 2018 program was used for this. The most important parameters were 

screened using a two-level half fractional design (25-1). Eluent concentration, elution 

time, sorbent mass, pH, and sonication time were the most important extraction 

parameters that were optimized. 17 experiments in all were produced, with the factors 

and levels (minimum, middle, and maximum) of the experimental designs used for the 

optimization process shown in Table 5.3. Response surface methodology (RSM) was 

utilized to optimize the significant parameters at a 95 % confidence level. This study 

employed BBD to optimize the most significant variables further. These factors were 

assigned three levels (minimum, central, and maximum), using literature reports as 

our guide. These levels are shown in Table 5.4 and 27 experiments were generated. 
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From these experiments results, we could deduce optimum conditions for each 

variable.  

Table 5.3: Two-level half factorial (25-1) experimental design.  

Factor  Minimum (-)  Central (0)  Maximum (+)  

Sorbent mass (mg)  10  30  50  

Sonication time (min)  10  35  60  

pH  3  6  9  

Eluent  concentration  

(mol/L)  

0.1  0.55  1.0  

Elution time (min)  3  4  5  

  

Table 5.4: Response methodology based on BBD experiment design.  

Factor  Minimum (-)  Central (0)  Maximum (+)  

Sorbent mass (mg)  10  30  50  

pH  2  5  8  

Sonication time (min)  10  20  30  

Eluent  concentration  

(mol/L)  

1.0  1.75  2.5  

  

5.2.7.  Application of the MGO-Au nanocomposite to real fuel samples  

The study examined the adsorption of mercury onto the synthesized MGO-Au 

nanocomposite derived from genuine fuel samples, including kerosine, gasoline, 

diesel, and crude oil, at the optimal circumstances previously mentioned.  

5.2.8.  Reusability studies  

The adsorption and desorption experiments were repeated to evaluate the 

adsorbent's reusability. First, under ideal circumstances, several experiments (10) 

were carried out to determine whether the magnetic nanoparticles could be reused.  

Every experiment was followed by a 90-minute oven drying of the MGO-Au at 60 °C. 
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5.3  Results and discussion   

5.3.1. Characterization methods for the prepared nanoparticles  

5.3.1.1.  Fourier Transform Infra-red spectroscopy (FT-IR)   

Figure 5.2 a-c shows the Fourier transformed infrared (FT-IR) spectra of the 

GO, MGO, and MGO-Au core-shell nanocomposite. Stretching vibrations of O-H led 

to the exploration of the GO peak at 3419 cm-1. The stretching vibrations of the C=O 

and C=C groups were attributed to the less pronounced intensity peaks at 1746 cm-1 

and 1619 cm-1, respectively, as depicted in Fig. 5.2 a. The vibrations of alkoxy C–O 

stretching and O–H bending was identified as the cause of the peaks at 1061 cm-1 and 

665 cm-1 [22]. This validates that GO was successfully synthesized. Figure 5.2 b 

shows an MGO spectrum. In the former, the asymmetric stretching vibration of C=O 

and the aromatic C=C vibrations of graphene give rise to a minor intensity peak at 

1644 cm-1 and a band at 1544 cm-1, respectively. Like findings reported in the literature, 

the broad band at 3400 cm-1 was attributed to the O-H group, and a sharp peak at 540 

cm-1 was related to the stretching vibrations caused by the interactions of Fe–O–Fe in 

Fe3O4 NPs [25]. Figure 5.2 c shows a spectrum that attests to the effective synthesis 

of MGO-Au. After Au NPs were deposited, the MGO-Au core-shell nanocomposite 

showed less intense peaks at 582 cm-1, and the band at 1544 cm-1 became stronger 

[26]. These outcomes validate that the nanocomposite was successfully synthesized.  



 

156 

 

  

Figure 5.2: FT-IR spectra for (a) GO, (b) MGO and (c) MGO-Au.   

 

5.3.1.2.  UV-visible absorbance spectra analysis   

An additional method of verifying the synthesized nanocomposites was 

ultraviolet-visible spectrophotometry (UV-visible). To determine the transitions from 

the ground state to the excited states, the UV absorption spectra of GO, MGO, and 

MGO-Au were recorded (Fig.5.3 a-c). The latter displays the GO spectrum, which is 

attributed to the π-π* transition of C=C bonds and has a strong peak at 222 nm. The 

n-π* transitions of the epoxide (C-O-C) and peroxide (O-O) links, which are present in 

the GO structure, correlate to another large peak between 275 and 300 nm [27]. The 

effective synthesis of GO is confirmed by the presence of these functional groups, 

which are compatible with FT-IR data. The UV absorption peaks of GO and Fe3O4 in 

the MGO nanocomposite are compared to the absorption peaks for MGO (Fig.5.3 b) 

at 270 and 396 nm [25]. The peaks for magnetic GO are visible at 225 nm in the UV 

spectra of MGO-Au (Fig. 5.3 c), and there is a broad peak from 265–301 nm. 
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Additionally, a new peak that represents the absorption of gold nanoparticles can be 

seen in this spectrum between 500 and 530 nm. Several reports from the literature 

support this trend [28]. This attests to the three nanomaterials' effective synthesis.  

  

Figure 5.3: UV-vis spectra for (a) GO, (b) MGO, and (c) MGO-Au.  

 

5.3.1.3.  Powder-X-ray diffraction (P-XRD)  

Using powder XRD, the crystalline structures and crystalline sizes of GO, MGO, 

and MGO-Au nanocomposites were examined; Fig.5.4(a-c) shows exemplary 

diffraction patterns. Sharp and intense diffraction peaks in 12.7⁰ (001)'s 2θ are 

indicative of graphene oxide. The peak was ascribed to the amorphous nature of GO 

and its oxygenated functional groups, as illustrated in Fig. 5.4 a [29]. The GO reacts 

with the iron oxide nanoparticles, destroying the GO sheets, which is why the peak 

vanishes (Fig.5.4 b). The Fe3O4 cubic lattice's (220), (311), (400), (422), (511), and 

(440) crystal planes are responsible for the diffraction peaks at 2θ values of 30.4⁰, 

35.6⁰, 43.2⁰, 53.8⁰, 57.7⁰, and 62.9⁰, respectively [30]. These results are in line with 

reports from the literature and validate the successful synthesis of MGO. Gold 

nanoparticles (Fig. 5.4 c) arevisible at 2θ:38.0⁰, 44.2⁰, 64.5⁰, 77.5⁰, and 81.5⁰, which 

correspond to the (111), (200), (220), (311), and (222) planes, in that order. Still visible, 
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though, are the iron oxide diffraction peaks [22]. These results verify that the MGO-Au 

nanocomposite was appropriately synthesized. Using the Sherrer equation (Eq. 5.1), 

the average crystallite size was determined to be 13.34 nm.   
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Figure 5. 4: Powder X-ray diffraction patterns for (a) GO, (b) MGO, and (c) MGO-Au.  

 

 5.3.1.4 Thermogravimetric Analysis (TGA)  

Figure 5.5 a-c shows the comparison of the thermogravimetric curves for GO,  

MGO, and MGO-Au. For GO, three unique phases of weight loss were identified (Fig. 

5.5 a). The vaporization of the adsorbed water molecules during the first stage caused 

a small mass loss below 100 °C. During the second stage, certain functional GO 

groups that contain oxygen break down into water vapor, which is responsible for the 

mass loss that occurs between 100 and 180 °C. Large mass loss happened over 180 

°C because of GO's carbon backbone breaking down [29]. Figure 5.5 b shows how 

MGO breaks down thermally. The MGO and MGO (Fig.5.5b&c) thermal breakdowns 
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were comparable. Below 100 °C, a small weight loss occurred due to thermal 

desorption of water. While the second loss is related to GO's slow breakdown [18].  

  

Figure 5. 5: Thermographs for (a) GO, (b) MGO, and (c) MGO-Au. 

  

5.3.1.5.  Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS)  

A scanning electron microscope (SEM) in conjunction with energy dispersive 

spectroscopy (EDS) was used to further examine the morphology and elemental 

content of the synthesized materials (GO, MGO, and MGO-Au core-shell 

nanocomposite), as shown in Fig. 5.6 (A-C). According to the results, GO sheets were 

formed, as seen in Fig. 5.6 A. The interplay of functional groups containing oxygen 

results in layered structures being seen [31]. Adding Fe3O4 nanoparticles to GO 

caused it to appear as brilliant spots evenly distributed across its surface, in contrast 

to GO's smooth surface (Fig. 5.6 B). According to some literature publications, these 

outcomes are equivalent [29]. The MGO-Au formation is shown in Fig. 5.6 C. On the 

surface of the GO nanosheet, the Au and Fe3O4 nanoparticles are exhibited as 

spherical formations with an average size of 14 nm. Furthermore, EDS (Fig. 5.6 D) 
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confirmed the successful synthesis of MGO-Au due to the presence of Fe, C, O, and 

Au. The synthesis of the MGO-Au nanocomposite was successfully confirmed by this.  

  

Figure 5. 6: Scanning electron microscopy for (a) GO, (b) MGO, (c) MGO-Au. And (d) 

EDS for MGO-Au.  

 

5.3. 1.6.  Transmission electron microscopy (TEM)  

Figure. (5.7 A-D). presents Transmission Electron Microscopy results. The thin, 

layered structure of graphene oxide sheets is characterized by folded wrinkles, and 

their vast surface area makes them particularly advantageous for loading 

nanoparticles (NPs) (Fig. 5.7 A). The Fe3O4 NPs anchored on GO sheets and created 

a huge number of Fe3O4 NPs with various sizes, as seen in Fig. 5.7 B. By adding 

Fe3O4 NPs to the GO sheets, a stacked graphitic structure cannot form, and the 
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composites have magnetic characteristics that make them easily recyclable [32]. The 

typical shape of the synthesized nanocomposite is depicted in the TEM image (Fig. 

5.7 C). The produced nanoparticles are visible as they are distributed across the GO 

surface, displaying lighter iron oxide particles and darker gold nanoparticles. The 

electron density of gold nanoparticles gives them a deeper color [22]. Image J software 

was used to calculate the particle size distribution of the synthesized MGO-Au, as 

shown in Fig. 5.7 D. Corresponding to the XRD and SEM data, an average particle 

size of 14 nm was obtained.  

Figure 5.7 A, B, and C display insets of GO, MGO, and MGO-Au selected area 

electron diffraction (SAED) patterns. Figure 5.7 A SAED patterns insert show that GO 

has an amorphous pattern, but Fig. 5.7 B shows that the MGO nanoparticles were 

extremely crystalline and could be accurately indexed to the cubic structure of pure 

Fe3O4 [29]. A polycrystalline pattern for MGO-Au nanocomposite is also shown in the 

inset in Fig. 5.7 C. The SAED data correlates very well with the P-XRD patterns.   
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Figure 5. 7: Transmission electron microscopy for (a) GO, (b) MGO, and (c) MGOAu.  

 

5.3.1.7.  Brunauer-Emmett-Teller (BET)  

The parameters that typically influence the adsorption property include the 

specific surface area, surface functional group, and pore size distribution. We 

performed Brunauer Emmett Teller (BET) measurements. The porosity was 

determined using the nitrogen adsorption isotherm, and the pore size distribution was 

determined using the Barrett-Joyner-Halenda (BJH) method (Figs. 5. 8 & 9). The 

surface areas of GO, MGO nanocomposite, and MGO-Au core-shell nanocomposite 

was 42.222, 32.187, and 57.92 m2 g-1, respectively, according to Table 5.5. The 

isotherm (Fig. 5.8) displays characteristics of an H3 hysteresis loop in the range of 

0.4-0.9 (P/P0), or a type IV isotherm [33]. Moreover, Fig. 5.9 illustrates the MGO-Au 

core-shell nanocomposite's average pore size distribution at around 17–47 nm, 
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indicating that the material was mesoporous as well. This observation is also 

consistent with some literature reports [34,35].  

 

Table 5. 5: The BET results of the GO, MGO and MGO-Au core shell nanocomposite.  

Sample  Surface area (m2/g)  

GO  42.222  

MGO  32.187  

MGO-Au  57.962  

  

  

Figure 5. 8: The nitrogen adsorption isotherm curve of MGO-Au core shell 

nanocomposite.  
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Figure 5. 9: The pore size distribution of MGO-Au core shell nanocomposite.  

5.3.2. Choice of eluent  

For the desorption of mercury from different nanomaterials, HCl is typically 

recommended as an eluent of choice in the literature studies. Comparing the results 

was necessary since screening was done in this experiment to see how adding various 

trapping agents to the eluent would affect it. This was accomplished by analyzing a 

NIST SRM 2778 under the following experimental conditions, which resulted in a 

certified mercury concentration of 38.98 µg/kg ±1.10 µg/kg: Sample mass: 30 mg; pH: 

6; sonication period: 30 minutes; elution period: 6 minutes. The following three eluent 

combinations were examined: 10 % HCl, HCl+Au, and 0.05 mol/L thiourea + 10 % 

HCl. Figure 5.10 displays the findings. This figure shows that increasing the thiourea 

concentration as a trapping agent in HCl results in higher recoveries (101 %). The 

thiourea concentration was maintained at 0.2 mol/L while the HCl content was further 

optimized.  
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Figure 5. 10: Recoveries (%) for (a) HCl, (b) HCl+ Au, and (c) HCl+ thiourea.   

 

5.3.3. Multivariate optimization   

5.3.3.1.  Two-level half factorial design  

The effects of several experimental parameters, including adsorbent mass, pH, 

adsorption time, eluent concentration, and elution time, were examined using a two 

level half-factorial design. Appendix Table S9 presents the parameters, number of 

experiments, experimental conditions, and outcomes of the two-level half factorial 

design. The primary effects and their interactions were assessed using the analysis of 

variance (ANOVA) (Appendix Table S10), which was displayed as Pareto charts (Fig. 

5.11). The bar length relates to the absolute value of the estimated impacts, while the 

vertical line shows the 95 % confidence level. Comparing the proportional importance 

of the impact is made easier by the bar length. According to the ANOVA results, the 

eluent concentration, pH, adsorbent mass, and adsorption period were all significant 

at the 95 % confidence level (bar length is greater than the reference line). The Box 

Behnken design further optimized the critical factors.  
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Figure 5. 11: Two-level half factorial design.  

 

5.3.3.2.  Further optimization using response surface methodology  

Response surface methodology based on Box-Bohnken design was used to 

determine the ideal conditions of the relevant factors. Appendix Table S11 displays 

the Box-Bohnken design matrix along with the analytical response values. For all the 

tests, the Hg (II) concentration was maintained at 100 µg/L and the statistically 

insignificant factor elution duration was kept constant at 6 minutes. This is how the 

model was described:  

The design model led to coefficient of determination (R2) and adjusted R2 values 

of 0.9035 and 0.8191, respectively, indicating that it was appropriate for optimizing the 

preconcentration, according to the ANOVA data (Appendix Table 12). It is not 

significant in relation to pure error, as indicated by the F-value of 35.8 for the lack of 

fit.  

Figure 5.12 (A-D) illustrates how the two factors interact to provide the highest 

adsorption capacity. The analytical response rises as pH rises, but it falls at higher pH 

levels (pH>7), as seen in Fig. 5.12 A. Mercury creates a variety of species at pH values 
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higher than 7, including stable mercuric hydroxide, which prevents the production of 

Au-Hg complexes, which explains this phenomenon [36]. Nehar Thakur et al. 2014 [37] 

also noted and commented on the similar pattern. The surface plots, as presented in 

Fig. 5.12 B&D, demonstrate that the analytical response both rises and falls with 

increasing sorbent mass. One could argue that insufficient sorbent causes an 

incomplete extraction. However, high concentrations cause the sorbent to become 

saturated, necessitating a considerable volume of eluent to fully desorb the analyte 

from the adsorbent's surface [38]. The duration of sonication was examined within the 

range of 10 to 30 minutes. Shorter sonication intervals result in lower recoveries 

because of inadequate adsorption, as Fig. 5.12 B illustrates, but longer times do not 

clearly boost stability. The same pattern was noted by Mina Fotouhi and Shahram Seidi 

[38].  

Response surface plots and the quadratic equation showed that sample pH of 

6.5, sorbent mass of 30 mg, sonication time of 20 minutes, and eluent concentration 

of 1.75 mol/L are the values that yield the best response.  

  

Figure 5. 12: Surface responses total Hg versus (A) pH. Sorbent mass, (B) sorbent 

mass. (C) Sonication time, sonication time. Eluent concentration and 

(D) sorbent mass. Eluent concentration.   
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5.3.4. Validation of the proposed method  

Using NIST SRM 2778 under ideal conditions and a certified mercury content 

of 38.98 µg/kg ±1.10 µg/kg, the accuracy of the proposed UA-m-SPE method was 

assessed. Figure 5.13 compares the precision of the three nanomaterials: GO, MGO, 

and MGO-Au. With percentage recoveries of 35 %, 40 %, and 10 5%, respectively, the 

obtained values were 13,64µg/kg for GO, 15,59µg/kg for MGO, and 40,929 µg/kg for 

MGO-Au.  

 

 

Figure 5. 13: Comparative analysis of the adsorbents GO, MGO, and MGO-Au for the 

total mercury measurement in fuel oils.   

By utilizing the ideal conditions, the sensitivity, limit of detection, limit of 

quantification, and precision of the proposed method were further assessed to assess 

its analytical performance. By applying the m-SPME method to analyze seven 

standard solutions (0-100 ppb), the calibration curve was obtained. A correlation 

coefficient (R2) of 0.9996 indicated the presence of linearity between 10 and 65 µg/L. 

Preconcentration factor, which is the ratio of the calibration curve before and after 

preconcentration, is 255 for the m-SPME.   

The UA-m-SPME's limits of detection and quantification were 0.035 µg/L and 

0.119 µg/L, respectively. These limits were specified as 3SD/m and 10 SD/m, where 

SD is the standard deviation of ten replicate measurements of blank samples and m 

is the calibration slope. Through the processing of a series of standard solutions 
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containing 50 µg/L of mercury ions, the precision of the suggested procedure was 

examined. The intraday was 3.5 %, and the findings were presented as relative 

standard deviations (RSD).  

5.3.5. Comparison of the developed method with other literature reports  

Table 5.6 presents the comparison of the analytical qualities of the proposed 

technique with those reported in the literature to assess the superiority of the 

developed m-SPME based on the MGO-Au method on the preconcentration of 

mercury in fuel samples. Based on the available data, the recently established m-

SPME technique appears to be a promising protocol for the preconcentration of total 

mercury in fuel oils. Based on the comparable analytical numbers of the suggested 

procedure, this is done. A good accuracy of 105 % was achieved which is comparable 

with studies reported in literature as can be seen on Table 5.6.  

With most of the reported produced methods, this newly developed method 

demonstrated good precision, albeit showing a high limit of detection (LODs). The use 

of ICP-OES, which is widely known for having low sensitivity towards the target 

analyte, is to blame for these high LODs [39]. Additionally, compared to other 

published methods, the new method had greater preconcentration factors (PF), which 

made it a favorable substitute for the preconcentration of total mercury.  

  



   

171 

 

Table 5. 6: Comparison of the figures of merits between newly developed m-SPE with other SPE report on fuel matrices.  

Sample 

preparation  
Adsorbent  Adsorbent 

mass  

(mg)  

Contact 

time  

(min)  

Analytical  

technique  

LOD   

(µg/L)  

LDR  

(µg/L)  

PF  Greenness 

assessment  

Accuracy 

(%)  
Reusability  RSD  

(%)  

REF  

m-SPME  MGO-Au  30  20  ICP-OES  0.035  0-100  255  0.64  105  7  3.5  This work  

m-SPE  DT–Fe3O4  80  5  CV-AAS  0.05  2-70  250  N/R  94.2  N/R  10.1  [40]  

UAS-D-ILµSPE  

NG-COOH  10  3  
FI-CV- 

AAS  

0.01  N/R  22  N/R  97-103  N/R  4  [41]  

m-SPE  Fe3O4 @UiO-66-SH  20  15  ICP-MS  0.002

6  
20- 

1000  

45. 

7  

N/R  84.5-96.8  10  5.7  [42]  

m-SPE  
Fe3O4@SiO2@AMPT 

s  

10  15  DMA  0.001

7  
N/R  100  N/R  94.9-107  N/R  2.37  [43]  

m-SPE  DPTH@MGO  4  3  ICP-OES  0.05  
0.2- 

1000  

3  N/R  93-105  N/R  1.6  [44]  

m-DSPE  Fe3O4@GO@ ILs  N/R  1  
FI-CV- 

GFAAS  

0.000

2 

5  

0.002 

-0.2  

250  N/R  86-103  N/R  2.9  [12]  
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m-SPE  G/ZnFe2O4   100  3  CV-AAS  0.001  0.25- 

10  

N/R  N/R  91-107  50  2.7  [45]  

 

SPE  GO-SH  30  N/R  ICP-OES  0.04  1-

1000 

200  N/R  N/R  55  4.20 [46]  

 
Note: N/R: Note reported; MGO-Au: Magnetic graphene oxide coated with gold; m-SPE: Magnetic solid phase extraction; UAS-D-IL-µSPE: Ultrasound assisted dispersive 

ionic liquid based solid phase microextraction; UAS-DM-SPE: Ultrasound assisted dispersive magnetic solid phase extraction; DT–Fe3O4; Magnetic nanoparticles 

functionalised with dithizone; GO-SH: Graphene oxide thioglycolic acid; NG-COOH: carboxyl-functionalised nanoporous graphene; Fe3O4 @UiO-66-SH: Magnetic 

nanospheres with sulfur-functionalised UiO-66; Fe3O4@SiO2@AMPTs:Magnetic silica N-(2-acetylaminoethyl)-N′-(3triethoxysilylpropyl)thiourea;DPTH@MGO: Silica 

functionalised magnetic graphene oxide; Fe3O4@GO@ ILs: Magnetic graphene oxide coated with ionic liquid; GO/ZnFe2O3: graphene/ZnFe2O4 nanocomposite 

adsorbent
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5.3.6. Greenness assessment of the newly developed m-SPME procedure  

Analytical chemistry relies heavily on this assessment section since it assesses 

the environmental impact of every established process. For these reasons, several 

metric instruments with differing degrees of comprehensiveness have been created. 

They are predicated on the inclusion of additional criteria, and the assessment's 

generic response varies greatly in terms of both complexity and appearance [47]. 

When evaluating the greenness of any analytical procedure, the analytical greenness 

approach (AGREEprep) has received a lot of attention. Ten factors make up this 

statistic, which is used to evaluate how environmentally friendly a sample preparation 

technique is [48]. Every criterion has a default weight of its own (Table 3.6). A 

pictogram representing the results is displayed (Fig. 5.14).  

  

Figure 5. 14: Pictogram for UA-m-SPME procedure.  

The pictogram (Fig.5.14) displays a total score of 0.64, exceeding the minimum 

requirement of 0.6 for a method to be classified as environmentally friendly [49]. This 

implies that the recently created m-SPME is more environmentally friendly. For the 

analytical approach to get the desired result of 1, a few steps still need to be improved. 

There is room for improvement in stages 1, 4, 5, 7, and 9. Because the extraction was 

done in a lab setting, criteria 1 received a low score. Criteria 4 did not meet 
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expectations due to the method's high waste output. Moreover, the sample size of 5 

mL was a little excessive, making Criterion 5 subpar. ICP-OES, an energy-intensive 

post-sample preparation approach, was used instead of the recently developed 

method, which did not encourage automation. Consequently, criteria 7 and 9 were 

likewise poor. Therefore, this recently established technology can be lot greener if the 

inadequate criteria can be modified.  

5.3.7. Interference studies  

To examine the selectivity of the suggested UA-m-SPME approach, standard 

solutions containing 10µg/L Hg (II) and other metal cations that are typically found in 

fuel oils (200 µg/L) were prepared and analyzed using the established method. Among 

the metallic cations are Ni (II), Fe (II), Cd (II), Pb (II), Co (II), Cu (II), and Mn (II). The 

highest concentration of interfering ions that results in a recovery of less than 95% of 

Hg (II) was designated as the tolerance limit in this investigation. The recoveries varied 

from 95 % to 99 % (Table 5.7), indicating that the current method's selectivity is 

comparatively good. The same process was also used to examine the selectivity of 

GO and magnetic GO. Nevertheless, recoveries below 95 % indicate that the two 

materials' selectivity was poor.  

Table 5. 7: Effect of various interfering cations on the preconcentration and 

determination of total Hg using online UA-m-DSPME method: 

Concentration of interfering ion = 100 µg L-1.  

Cation  Recovery (%)  

Ag (I)  97±0.1  

Cd (II)  95.9±0.01  

Co (II)  98.5±0.3  
Fe (II)  99±0.2  

Pb (II)  95±0.03  

Zn (II)  98.9±0.09  

  

5.3.8. Reusability studies   

When considering industrial applications, the adsorbent's reusability is 

essential. Fig. 5.15 displays the MGO-Au adsorbent's reusability investigations. 

According to the figure, the adsorbent can be used up to seven times, with a 93–100 

% mercury recovery rate. As a result, it can be said that the adsorbent was reasonably 
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reusable for a long time when it came to mercury. In 2014, Jing Hu and colleagues 

[26] recorded an equivalent quantity of cycles with the same material but their focus 

was on the reduction of 4-nitrophenol.  

 

 

Figure 5. 15: Reusability of the MGO-Au core−shell nano- composite for adsorption 

of Hg in fuel matrices.  

5.3.2. Application of UA-m-DSPME procedure in real samples  

Real crude oil, gasoline, diesel oil, and kerosine samples were subjected to the 

recently developed ultrasonic assisted- magnetic dispersive solid phase 

microextraction (UA-m-DSPME). Table 5.1 was followed in labelling the actual fuel 

samples. Table 5.8 displayed the obtained total concentrations of mercury. Regarding 

the mercury contamination of the fuel samples, the table shows a pattern. Samples of 

crude oil had the highest level of contamination, followed by those of diesel, gasoline, 

and kerosene. This is consistent with some literature reports. This indicates that the 

recently developed preconcentration process is reliable and a good substitute for 

existing techniques.  

When compared to fuel oils from other nations, South African fuel oils don't 

have a significant mercury contamination. In diesel oil, Wu and colleagues' 

investigation yielded a total mercury content of 0.83 µg/g [50]. Uddin and associates 

repeated an intriguing study about the extraction of total mercury from crude oil. They 
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found that Arabian crude oil had a total mercury concentration of 0.18µg/kg using their 

method [51]. In 2018, Mohammad et al. [52] measured concentrations in Basrah crude 

oil of 0.4169350 ppm and Khanaken crude oil of 1.5043600 ppm, respectively. This 

demonstrates that South African fuel oils contain mercury at levels comparable to 

those of other nations.  

Table 5. 8: Total mercury concentration levels (µg/g) in real crude oil, gasoline, diesel 

oil and kerosene.  

Sample type  Concentration (µg/g)  

COS 1  0.410±0.03  

COS 2  0.560±0.09  

COS 3  0.490±0.15  

GS 1  0.310±0.07  

GS 2  0.425±0.08  

GS 3  0.480±0.01  

DS 1  0.500±0.05  

DS 2  0.431±0.04  

DS 3  0.550±0.01  

KS 1  0.089±0.30  

KS 2  0.090±0.50  

KS 3  0.081±0.004  

 

5.4  Conclusion   

This work effectively synthesized and characterized a magnetic graphene oxide 

coated with gold nanocomposite utilizing FT-IR, P-XRD, UV-vis, SEM-EDS, TEM, 

TGA, and BET. The synthesized adsorbent was effectively used to preconcentrate the 

total amount of mercury presents in kerosine, diesel, gasoline, and crude. Under ideal 

circumstances, NIST SRM 2778 was used to precisely analyze the figures of merits of 

the analytical method, with a certified mercury concentration of 38.98 µg/kg ±1.10 

µg/kg. The validity of the newly designed UA-m-DSPME process was demonstrated 

by the analytical performance of the newly developed approach being similar with 

reported literature reports.  

For the preconcentration of total mercury in fuel oils, the synthesized adsorbent 

may be reused seven times. The AGREEprep metric tool was also utilized to assess 
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the sample preparation method's environmental impact. Thus, the method is more 

environmentally friendly, but it still must be refined to get to the desired value of 1. With 

real crude oil, gasoline, diesel oil, and kerosine, the recently synthesized 

nanocomposite was effectively used to determine the overall concentration of mercury 

present. While samples of kerosene were below the limit of detection, crude oil was 

the energy source that was most contaminated. Currently, there is no legislation 

concerning the quantity of mercury permitted in gasoline samples, but South African 

gasoline oils contained mercury concentrations which are like others.  
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CHAPTER VI 

 (OVERALL CONCLUSION & FUTURE RECOMMENDATIONS)  

 

PREAMBLE   

This chapter finally makes an overall conclusion of the study. It further compares the 

three developed sample preparation methods in terms of greenness and analytical 

performances. In addition to that chapter gives proper future recommendations.  

6.1  Overall conclusion  

The proposed microwave-assisted hydrogen peroxide digestion method (MW-

HPD), vortex-assisted deep eutectic solvent based dispersive liquid-liquid 

microextraction (VA-DES-DLLME) and ultrasound assisted magnetic dispersive solid 

phase microextraction (UA-m-DSPME) were successfully developed and were found 

to be appropriate for the determination of total mercury in coal, crude oil and their 

derivatives which are gasoline, diesel oil and kerosene. Basically, the microwave-

assisted hydrogen peroxide digestion method was used to screen the presence of 

mercury in coal, crude oil, gasoline, diesel oil and kerosene. The limit of detection and 

quantification for the MW-HPD method were 0.25 µg/L and 0.8 µg/L. For VA-DES-

DLLME, the limit of detection and quantification were 0.025 µg/L and 0.083 µg/L. For 

UA-m-DSPME method, the limit of detection and quantification were 0.035 µg/L and 

0.119 µg/L. It can be concluded that VA-DES-DLLME showed low limit of detection 

and quantification compared to MW-HPD and UA-m-DSPME, respectively. The 

analytical figures of the newly developed sample preparation methods are comparable 

with other literature reports. 

The mercury concentrations obtained from MW-HPD method ranged between 

0.876±0.023-0.975±0.025 µg/g in coal samples, 0.383±0.043-0.506±0.105 µg/g for 

crude oil samples, 0.306±0.010-0.390±0.035 µg/g for gasoline samples, 0.360±0.003-

0.434±0.050 µg/g for diesel oil samples and all kerosene samples were below 

detection. For VA-DES-DLLME procedure, mercury concentrations ranged between 

0.390±0.01-0.510±0.09 µg/g for crude oil, 0.308±0.05-0.402±0.05 µg/g for gasoline, 

0.370±0.35-0.510±0.08 µg/g for diesel samples and 0.090±0.09-0.098±0.02 µg/g for 
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kerosene. For UA-m-DSPME method, mercury concentrations were 0.410±0.03-

0.560±0.09 µg/g for crude oil, 0.310±0.07-0.480±0.01 µg/g for gasoline, 0.431±0.04-

0.550±0.01 µg/g for diesel oil and 0.081±0.004-0.090±0.50 µg/g for kerosene. The two 

preconcentration methods (VA-DES-DLLME and UA-m-DSPME) successfully 

enriched mercury concentration in fuel oils. This was observed with mercury 

concentrations in kerosene samples. Under the two preconcentration methods, trace 

levels of mercury were detected, but with the MW-AHPD method, mercury 

concentrations in kerosene samples were below detection limits. It can also conclude 

that mercury concentrations in South African fossil fuels and their derivatives are 

comparable with mercury concentrations from other nations. 

The environmental impact of each sample preparation method was evaluated 

using AGREEprep software. The VA-DES-DLLME procedure, proved to be greener 

(0.72) than UA-m-DSPME (0.64) and MW-AHPD (0.56) based on the results obtained 

from AGREEprep. The greenness of the former can be attributed to the use of DESs 

which don’t require any toxic solvent to synthesized, and the application process made 

use of a vortex mixer which used less power. On the other hand, for UA-m-DSPME, 

the synthesis of the adsorbent made use of large volumes of toxic solvents and the 

application process made use of an ultrasound which used more power. Microwave 

assisted hydrogen peroxide digestion made use of microwave energy which uses a lot 

of power, and this resulted in a lower score in AGREEprep. Additionally, this protocol 

made use of non-renewable reagents (dilute hydrogen peroxide) and it resulted in 

large volume of wastes which further decreased the scores.  

It can be summed up that VA-DES-DLLME was the most cost-effective, fast, 

sensitive, and environmentally friendly sample preparation method. The cost 

effectiveness of this protocol can be based on the use of deep eutectic solvents 

(DESs) which are cheap and very easy to synthesize. On the other hand, UA-m-

DSPME needed a lot of reagents which are a bit costly than the DESs for the synthesis 

of the magnetic nano-adsorbent. The VA-DES-DLLME was fast, as it took only 5 

minutes while the UA-m-DSPME took 20 minutes for adsorption. Additionally, the 

synthesize of the DESs was a single step process which took a very short time (30 
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minutes), while the synthesis of the magnetic adsorbent took a long time with many 

steps. For MWAHPD, was the most time consuming as it took almost 36 minutes. 

For VA-DES-DLLME, the proposed deep eutectic solvents were successfully 

developed, characterized and applied for the preconcentration of total Hg in fuel oils. 

Additionally, the magnetic graphene oxide gold nanocomposite (MGO-Au) was also 

successfully synthesized, characterized and applied in UA-m-DSPME procedure for 

the preconcentration of total mercury in fuel oils.  

Under MW-AHPD, the most influential factor was temperature. This influence 

can be based on the volatile nature of Hg and decomposition of methionine. At higher 

temperatures there are high risks of degradation of the trapping agent (methionine) 

and hence high Hg loss. Based on the pareto charts for the two preconcentration 

procedures, it can be concluded that pH was the most influential factor in the 

adsorption of total mercury in these energy resources. The length of the bar in the 

pareto charts gives information on the significance of each factor. For the pH of both 

preconcentration methods the bars were long compared to the other factors, hence 

signifying that pH was the most influential.    The logic behind the high effect of pH can 

be based on the formation of different mercury complexes at different pH values. For 

instance, for VADES-DLLME, lower pH values led to severe acidity and instability of 

the Hg-DTz complex which reduced recoveries, whereas higher pH values led to the 

decomposition of the complex. Almost the same phenomenon was observed under 

UA-m-DSPME. At higher pH values, a formation of stable mercury complexes, which 

prevented the formation of Hg-Au complex were observed.  

It can be summed up that VA-DES-DLLME was the most cost-effective, fast, 

sensitive, and environmentally friendly sample preparation method. The cost 

effectiveness of this protocol can be based on the use deep eutectic solvents (DESs) 

which are cheap and very easy to synthesize. On the other hand, UA-m-DSPME 

needed a lot of reagents which are a bit costly than the DESs for the synthesis of the 

magnetic nano-adsorbent. The VA-DES-DLLME was fast, as it took only 5 minutes 

while the UA-m-DSPME took 20 minutes for adsorption. Additionally, the synthesize 

of the DESs was a single step process which took a very short time (30 minutes), while 
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the synthesis of the magnetic adsorbent took a long time with many steps. For 

MWAHPD, was the most time consuming as it took almost 36 minutes.  

6.2  Future recommendations  

The validation of the MW-AHPD procedure still needs to be improved by 

employing a standard technique (hydride or CV-AAS) for analysis. Additionally, the 

characterization of the DESs needs to be improved by confirming the water content 

density and dynamic viscosity. The reproducibility and selectivity studies of DESs still 

need to be evaluated for the preconcentration of total mercury in fuel oils. Adsorbents 

coated with organ sulphur compounds still need to be utilized as substitute for gold as 

there are cost effective compared to gold. Proper removal strategies need to be 

developed for the removal of mercury in crude oil, gasoline, diesel oil and kerosene.  
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APPENDIX   

 

PREAMBLE   

This section displays all the tables for experimental design and ANOVA for chapter 3, 

chapter 4, and chapter 5.  

Table S1: The effect of varying sample mass, hydrogen peroxide concentration, 

methionine concentration, digestion time and temperature on the 

digestion of real crude oil sample to achieve high percentage recoveries 

of total Hg. Replicates (n=3).  

Std 

Orde 
r  

Run 

Orde 
r  

Cente 
r Pt  

Block s  Mas 
s  

(g)  

[H2O2]  

(mol/L 
)  

[Methionine 
]  

(mol/L)  

Time  

(min 
)  

Temperatur e  

(  )  

Recoverie 
s  

(%)  

1  1  1  1  0.1  3  1.0  30  200  49.08  

2  2  1  1  0.3  3  1.0  30  100  35.62  

3  3  1  1  0.1  5  1.0  30  100  61.63  

4  4  1  1  0.3  5  1.0  30  200  65.81  

5  5  1  1  0.1  3  10.0  30  100  61.12  

6  6  1  1  0.3  3  10.0  30  200  69.76  

7  7  1  1  0.1  5  10.0  30  200  79.74  

8  8  1  1  0.1  5  10.0  30  100  79.98  

9  9  1  1  0.3  3  1.0  60  100  76.18  

10  10  1  1  0.1  3  1.0  60  200  84.84  

11  11  1  1  0.3  5  1.0  60  200  94.45  

12  12  1  1  0.1  5  1.0  60  100  88.33  

13  13  1  1  0.3  3  10.0  60  200  99.36  

14  14  1  1  0.1  3  10.0  60  100  91.57  

15  15  1  1  0.3  5  10.0  60  100  97.96  

16  16  1  1  0.1  5  10.0  60  200  105.12  

17  17  1  1  0.2  4  5.5  45  150  93.20  
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Table S2: Analysis of variance (ANOVA) for two-level half factorial design for 

MWAHPD.  

Source  DF  Adj. SS  Adj.MS  F-Value  P-Value  

Model  7  5698.08  814.01  52.36  0.002  

Linear  5  5378.41  1075.68  69.19  0.001  

Mass  1  0.14  0.14  0.01  0.926  

[H2O2]  1  695.51  695.51  44.74  0.004  

[Methionine]  1  1034.75  1034.75  66.56  0.001  

Time  1  3453.62  3453.62  222.16  0.000  

Temperature  1  194.39  194.39  12.50  0.005  

2-Way  
interactions  

1  88.69  88.69  5.70  0.041  

[H2O2] *Time  1  88.69  88.69  5.70  0.041  

Curvature  1  230.98  230.98  14.86  0.004  

Error  1  139.91  15.55      

Total  9  16  5837.99      

  

  

  

  

  

  

  

  

  

  

  

  



   

187 

 

Table S3: The effect of varying digestion time, temperature, [H2O2], [Methionine] while 

keeping sample mass constant in further optimization using on the 

digestion of central composite design. Experimental conditions: 0.1g (n =3).  

Std 

Order  

Run 

Order  

Pt  

Type  

Blocks  [H2O2]  

(mol/L)  

[Methionine]  

(mol/L)  

Time  

(min)  

Temperature  

(  )  

Recoveries  

(%)  

1  1  1  1  2.0  1.0  30  140  23.60  

2  2  1  1  5.0  1.0  30  140  37.95  

3  3  1  1  2.0  10.0  30  140  37.48  

4  4  1  1  5.0  10.0  30  140  50.05  

5  5  1  1  2.0  1.0  60  140  62.79  

6  6  1  1  5.0  1.0  60  140  68.46  

7  7  1  1  2.0  10.0  60  140  73.07  

8  8  1  1  5.0  10.0  60  140  74.37  

9  9  1  1  2.0  1.0  30  140  77.68  

10  10  1  1  5.0  1.0  30  200  79.10  

11  11  1  1  2.0  10.0  30  200  75.88  

12  12  1  1  5.0  10.0  30  200  84.78  

13  13  1  1  2.0  1.0  60  200  84.93  

14  14  1  1  5.0  1.0  60  200  99.46  

15  15  1  1  2.0  10.0  60  200  96.96  

16  16  1  1  5.0  10.0  60  200  92.14  

17  17  -1  1  0.5  5.5  45  170  90.30  

18  18  -1  1  6.5  5.5  45  170  99.37  

19  19  -1  1  3.5  0.0  45  170  50.12  

20  20  -1  1  3.5  14.5  45  170  94.35  

21  21  -1  1  3.5  5.5  15  170  89.11  

22  22  -1  1  3.5  5.5  75  170  87.59  

23  23  -1  1  3.5  5.5  45  110  91.06  

24  24  -1  1  3.5  5.5  45  230  74.01  

25  25  0  1  3.5  5.5  45  170  96.78  
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26  26  0  1  3.5  5.5  45  170  93.23  

27  27  0  1  3.5  5.5  45  170  94.52  

28 28 0 1 3.5 5.5 45 170 92,94 

29 29 0 1 3.5 5.5 45 170 98.63 

30 30 0 1 3.5 5.5 45 170 93.50 

31 31 0 1 3.5 5.5 45 170 94.38 

 

 

Table S5: The effect of varying sample pH, volume of disperser solvent, volume of 

extracting solvent, extraction time and centrifugation time, on the VA-

DESDLLME of real crude oil sample to achieve high percentage 

recoveries of total Hg. Replicates (n=3).  

Std 

Orde 

r  

Run 

Orde 

r  

Cent 

er Pt  

Block 

s  

p 

H  

Volume  

of 

dispers 

er 

solvent 

(mL)  

Volume  

of 

extracti 

ng 

solvent 

(mL)  

Extracti 

on time 

(min)  

Centrifugati 

on time (min)  

Recoveri 

es  

(%)  

1  1  1  1  1  0.250  0.05  10  10.0  70.22  

2  2  1  1  13  0.250  0.05  10  1.0  35.89  

3  3  1  1  1  1.000  0.05  10  1.0  88.90  

4  4  1  1  13  1.000  0.05  10  10.0  50.00  

5  5  1  1  1  0.250  0.15  10  1.0  72.00  

6  6  1  1  13  0.250  0.15  10  10.0  50.00  

7  7  1  1  1  1.000  0.15  10  10.0  90.05  

8  8  1  1  13  1.000  0.15  10  1.0  52.00  

9  9  1  1  1  0.250  0.05  20  1.0  67.00  

10  10  1  1  13  0.250  0.05  20  10.0  52.99  

11  11  1  1  1  1.000  0.05  20  10.0  78.00  

12  12  1  1  13  1.000  0.05  20  1.0  53.08  

13  13  1  1  1  0.250  0.15  20  10.0  92.00  

14  14  1  1  13  0.250  0.15  20  1.0  55.00  

15  15  1  1  1  1.000  0.15  20  1.0  94.09  

16  16  1  1  13  1.000  0.15  20  10.0  59.00  

17  17  0  1  7  0.625  0.10  15  5.5  60.09  
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Table S6: Analysis of variance for two-level half factorial design for VA-DESDLLME.  

Source  DF  Adj. SS  Adj.MS  F-value  P-value  

Model  7  4687.46  669.64  25.67  0.002  

Linear  5  4473.77  894.75  34.30  0.003  

pH  1  3730.16  3730.16  143.00  0.021  

Volume of 

disperser solvent 

(mL)  

1  306.43  306.43  11.75  0.001  

Volume of  

extracting solvent 

(mL)  

1  289.51  289.51  11.10  0.005  

Extraction time (min)  1  110.78  110.78  4.25  0.004  

Centrifugation time 

(min)  

1  36.91  36.91  1.41    

2-way interactions  2  213.69  106.84  4.10    

Volume of 

disperser solvent 

(mL)*Extraction 

time(min)  

1  79.48  79.48  3.05    

Volume of disperser 

solvent 

(mL*Centrifugation 

time (min)  

1  134.21  134.21  5.15    

Error  9  234.77  26.09      

Curvature  1  35.87  35.87  1.44    

Lack of fit  8  198.89  24.86      

Total  16  4922.23        
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Table S7: The effect of varying pH, vortex time, disperser solvent, extractant volume, 

while keeping centrifugation time constant in further optimization using 

BBD. Experimental conditions: 5 minutes centrifugation time (n =3).  

Std 

Order  

Run 

Order  

Pt  

Type  

Blocks  pH  Vortex 

time 

(min)  

Disperser 

solvent 

volume(mL)  

Extractant 

volume 

(mL)  

Recoveries  

(%)  

1  1  2  1  2  0.50  0.625  0.275  78.90  

2  2  2  1  10  0.50  0.625  0.275  48.90  

3  3  2  1  2  10.00  0.625  0.275  78.00  

4  4  2  1  10  10.00  0.625  0.275  42.10  

5  5  2  1  6  5.25  0.250  0.050  95.00  

6  6  2  1  6  5.25  1.000  0.050  93.60  

7  7  2  1  6  5.25  0.250  0.500  90.00  

8  8  2  1  6  5.25  1.000  0.500  85.00  

9  9  2  1  2  5.25  0.625  0.275  78.90  

10  10  2  1  10  5.25  0.625  0.275  45.00  

11  11  2  1  2  5.25  0.625  0.275  76.00  

12  12  2  1  10  5.25  0.625  0.275  39.80  

13  13  2  1  6  0.50  0.250  0.275  87.00  

14  14  2  1  6  10.00  0.250  0.275  89.00  

15  15  2  1  6  0.50  1.000  0.275  92.00  

16  16  2  1  6  10.00  1.000  0.275  84.50  

17  17  2  1  2  5.25  0.250  0.275  73.00  

18  18  2  1  10  5.25  0.250  0.275  43.00  

19  19  2  1  2  5.25  1.000  0.275  79.90  

20  20  2  1  10  5.25  1.000  0.275  4.00  

21  21  2  1  6  0.50  0.625  0.050  94.00  

22  22  2  1  6  10.00  0.625  0.050  95.00  

23  23  2  1  6  0.50  0.625  0.500  93.90  

24  24  2  1  6  10.00  0.625  0.500  80.03  

25  25  0  1  6  5.25  0.625  0.275  97.80  

26  26  0  1  6  5.25  0.625  0.275  96.60  

27  27  0  1  6  5.25  0.625  0.275  97.20  
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Table S8: Analysis of variance for CCD for VA-DES-DLLME.  

Source  DF  Adj. SS  Adj. MS  F-value  P-value  

Model  14  9041.5  645.82  7.65  0.001  
Linear  4  2747.5  686.88  8.14  0.002  
pH  1  2274.3  2274.25  26.94  0.001  
Vortex time (min)  1  0.1  0.1  0.00  0.003  
Disperser solvent 

volume (mL)  
1  450.2  450.19  5.33  0.040  

Extractant volume 

(mL)  
1  23.0  22.96  0.27  0.004  

Square  4  5409.9  1352.48  16.02  0.002  
pH*pH  1  4591.6  4591.64  54.39  0.001  
Vortex time*vortex 

time  
1  320.7  320.68  3.80  0.075  

Disperser solvent 

volume*Disperser 

solvent volume  

1  10.4  10.39  0.12  0.732  

Extractant 

volume*Extractant  
volume  

1  86.0  86.05  1.02  0.333  

2-way interactions  6  884.1  147.35  1.75  0.194  
pH*Vortex time  1  0.0  0.01  0.00  0.991  
pH*Disperser 

solvent volume  
1  818.0  817.96  9.69  0.009  

pH*Extractant 

volume  
1  1.4  1.44  0.02  0.898  

Vortex 

time*Disperser 

solvent volume  

1  38.4  38.44  0.46  0.513  

Vortex 

time*Extractant 

volume  

1  0.7  0.72  0.01  0.928  

Disperser solvent 

volume*Extractant  
volume  

1  25.5  25.50  0.30  0.593  

Error  12  1013.0  84.42      

Lack of fit  10  1012.4  101.24  313.10  0.003  
Pure error  2  0.6  0.32      

Total  26  10054.5        
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Table S9: The effect of varying sorbent mass, sample pH, sonication, eluent 

concentration, and elution time and centrifugation time, on the UA-

mDSPME of real crude oil sample to achieve high percentage recoveries 

of total Hg. Replicates (n=3).  

Std 

Orde 
r  

Run 

Orde 
r  

Cente 
r Pt  

Block 
s  

Sorben 

t mass 

(mg)  

Sonicatio 

n time 

(min)  

p 
H  

Eluent 

concentratio 

n (mol/L)  

Elutio 

n time 

(min)  

Recoverie 

s (%)  

1  1  1  1  10  10  3  0.1  5  38.0  

2  2  1  1  50  10  3  0.1  3  49.0  

3  3  1  1  10  60  3  0.1  3  48.0  

4  4  1  1  50  60  3  0.1  5  58.0  

5  5  1  1  10  10  9  0.1  5  87.7  

6  6  1  1  50  10  9  0.1  3  90.0  

7  7  1  1  10  60  9  0.1  3  89.9  

8  8  1  1  50  60  9  0.1  5  99.9  

9  9  1  1  10  10  3  1.0  5  50.0  

10  10  1  1  50  10  3  1.0  3  55.0  

11  11  1  1  10  60  3  1.0  3  49.9  

12  12  1  1  50  60  3  1.0  5  60.0  

13  13  1  1  10  10  9  1.0  5  79.9  

14  14  1  1  50  10  9  1.0  3  89.0  

15  15  1  1  10  60  9  1.0  3  95.0  

16  16  1  1  50  60  9  1.0  5  104.0  

17  17  0  1  10  35  6  0.55  4  89.0  

  

Table S 10: Analysis of variance of half factorial design for UA-m-DSPME.  

Source  DF  Adj. SS  Adj. MS  F-value  P-

value  

Model  7  7175.4  1025.1  5.79  0.009  

Linear  5  5354.3  1070.9  6.05  0.10  

Sorbent mass  1  175.6  175.1  0.99  0.345  

Ultrasonication time 

(min)  
1  2002.6  2002.6  11.32  0.008  

pH  1  1580.1  1580.1  8.93  0.015  

Eluent 

concentration 

(mol/L)  

1  798.1  798.1  4.51  0.063  
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Elution time (min)  1  798.1  798.1  4.51  0.063  

2-way interactions  2  1821.1  910.6  5.15  0.032  

Sorbent mass 

(mg)*Eluent 

concentration 

(mol/L)  

1  1105.6  1105.6  6.25  0.034  

Sonication time  
(min)*Elution time 

(min)  

1  715.6  715.6  4.04  0.075  

Error  9  1592.7  177.0      

Curvature  1  220.7  220.7  1.29  0.289  

Lack of fit  8  1372.0  171.5      

Total  16  8768.1        

 

Table S 11: Analysis of variance of BBD for UA-m-DSPME.  

Source  DF  Adj. SS  Adj. MS  F-value  P-value  

Model  14  9051.7  646.55  10.70  0.001  

Linear  4  5758.8  1439.70  23.84  0.015  

Sonication time 

(min)  
1  928.0  927.95  15.36  0.004  

pH  1  3627.9  3627.90  60.06  0.003  

Eluent 

concentration 

(mol/L)  

1  442.3  442.34  7.32  0.004  

Elution time 

(min)  
1  760.6  760.60  12.59  0.150  

Square  4  3109.0  77.24  12.87  0.030  

Sonication time 

(min)*Sonication 

time (min)  

1  1361.0  1361.03  22.53  0.050  

Eluent 

concentration 

(mol/L) * Eluent 

concentration  
(mol/L)  

1  1458.8  1458.84  24.15  0.040  
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pH*pH  1  756.4  756.38  12.52  0.050  

Elution time 

(min)*Elution 

time (min)  

1  7.1  7.12  0.12  0.060  

2-Way  
interaction  

6  183.9  30.65  0.51  0.010  

Sonication time 

(min)*pH  
1  39.7  39.74  0.66  0.050  

Sonication time 

(min)*Eluent 

concentration 

(mol/L)  

1  9.2  9.22  0.15  0.005  

Sonication time 

(mol/L) *Elution 

time (min)  

1  22.4  22.37  0.37  0.010  

pH*Eluent 

concentration 

(mol/L)  

1  105.1  105.09  1.74  0.060  

Error  16  5.0  5.04  0.08    

Lack of fit  10  827.8  82.78  0.34    

Pure error  6  138.6  23.09  3.58    

Total  30  10018.1        
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