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ABSTRACT  

The neonicotinoid pesticides (NEOs) have been used over the years for plant 

protection. The use of these NEOs on crops and oil seed plants has led to vegetable 

oil and crop produce contamination. The four selected NEOs for this study are 

acetamiprid, imidacloprid, thiacloprid and thiamethoxam. Their accumulation in oil 

crops is through absorption via roots and plant leaves. The presence of NEOs in the 

vegetable oils results in human health problems, hence there is a need for monitoring 

and control of their concentration levels present in agricultural products. Different 

organisations like World Health Organization (WHO), Codex Alimentarius Commission 

(CAC) and European Union (EU) have maximum residue limits set for NEOs in 

countries like Japan, China and US at less than 0.5 mg.kg-1. Different chromatographic 

techniques have been used for determination of NEOs in various sample matrices. 

The high-performance liquid chromatography with diode-array detection (HPLC-DAD) 

was among the most reported chromatographic techniques for detection of NEOs. 

However, due to the complexity of vegetable oils and the trace concentration levels of 

NEOs, sample preparation step is required prior to chromatographic detection. The 

solid phase extraction (SPE) and liquid-liquid extraction (LLE) methods are popular for 

extraction of various targeted analytes. However, these two extraction methods suffer 

from different limitations like use of large amount of organic solvents, tediousness, 

costly adsorbents and production of hazardous waste.  

Therefore, the aim of the study was to develop rapid, greener, and efficient 

extraction methods followed by HPLC-DAD analysis for determination NEOs in 

selected vegetable oils. The magnetic solid phase microextraction (MSPME) was the 

first extraction method to be investigated. A novel magnetic adsorbent 

(Fe3O4@Al2O3/AC) was synthesized using maize waste material and characterized 

using various techniques such Fourier transform infrared spectrometry (FTIR), 

Powdered X-ray diffraction (PXRD), Scanning electron microscope coupled to energy 

dispersive X-ray spectroscopy (SEM-EDS), Thermogravimetric analysis (TGA), 

Transmission electron microscopy (TEM), and Ultraviolet visible spectroscopy (UV-

Vis) to confirm the formation of the adsorbent material. The proposed MSPME method 

achieved high accuracy (80-119.21 %) and precision (≤10 %) for all the investigated 

NEOs. Furthermore, the obtained limit of detection (LOD) ranged from 0.5-1.76 ng.µL-

1, limit of quantification (LOQ) ranged from 1.87-6.62 ng.µL-1, with satisfactory high 
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preconcentration factors (73.02-407) were comparable with literature reported studies. 

The Analytical GREEness calculator (AGREE) analysis confirmed the 0.54 greenness 

scale, suggesting that the MSPME was environmentally friendly.  

Deep eutectic solvent- dispersive liquid-liquid microextraction (DES-DLLME) 

was the second examined extraction method prior to chromatographic determination 

of NEOs in vegetable oils. The GREEness of the proposed DES-DLLME was 

attributed using “greener” more environmentally friendly solvent known as deep 

eutectic solvents. The method achieved good limit of detection (LOD) ranging from 0.4 

to 4.95 ng. µL-1 and limit of quantification (LOQ) ranging from 1.43 to 9.7 ng.µL-1. The 

method also showed good accuracy (79-119.6 %) and precision (0.1 to 0.9 %). Method 

greenness was studied using the Analytical GREEness calculator (AGREE) in full tool 

and the greenness was 0.67 scale.  

The DLLME method has proved to be greener compared to the AGREE 

calculator as reported above. The method detection limits for MSPME were lower 

compared to that for DES-DLLME. The MSPME also shows the high preconcentration 

factors than the DES-DLLME. The accuracy for the DES-DLLME was good and higher 

compared to that for MSPME. Both the methods were conducted under room 

temperature. The precision for DES-DLLME was lower compared to that of MSPME 

which shows that DES-DLLME is more sensitive than the MSPME. 
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CHAPTER I (INTRODUCTION) 

PREAMBLE 

This chapter entails more information about the background of vegetable oils, 

including their origin, the pesticides, and an extensive study on them. The toxicological 

effect of the pesticides, which is the backbone of the study of these vegetable oils, 

have been outlined in this chapter. This chapter also focuses on the study's problem 

statement, aims and objectives, research questions to be addressed by this study, 

justification, hypothesis, and thesis outline. Furthermore, a brief outline of the whole 

thesis is discussed in this chapter.  

1.1. Background  

Various vegetable oils have been regarded as an important part of the human 

daily diet since they provide energy and essential fatty acids, both of which are 

necessary for the effective development of the human body [1]. The most known 

vegetable oils include olives, avocado, sunflower, rapeseed, and corn. These 

vegetable oils contain saturated and unsaturated fatty acids, triglycerides, 

antioxidants, and other fat-soluble vitamins as indicated in Figure 1.1 below. 

Moreover, these oils have been used widely in the cooking and food processing 

industries because of their high nutritional value [2]. These oils are also used in 

pharmaceutical and cosmetic/personal products. Vegetable oils are industrially 

processed to optimise consumer acceptance by removing components that can 

negatively affect appearance, taste, nutritional value and shelf life stability [3]. The 

production and consumption of these vegetable oils have increased over the years 

globally [4]. The quality of these vegetable oils is more critical to both oil producers 

and consumers [5]. Approximately 98 % of these vegetable oils are triacylglycerols, 

varying in complexity, substitution order, and the degree of saturation of fatty acid 

chains. Other compounds like sugars, sterols, carotenes, phospholipids, esters, and 

lipid-soluble vitamins constitute the remaining 2 % [6].  
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Figure 1. 1: General overview of chemical composition and contaminants of 
vegetable oils [2]. 

Additionally, contributing to the components of the compounds found in 

vegetable oils, some toxic contaminants that are detrimental to human health have 

been reported. This study focuses on the presence neonicotinoid pesticides (NEOs) 

as organic pollutants in these edible vegetable oils. To better control production and 

good yield of vegetable seeds used for making the vegetable oils, the whole plantation 

process needs to be well monitored. Furthermore, good agricultural practices and 

measures should be taken to control the development of crops to ensure their safety  

[7]. Pesticides have been used for the longest time by farmers to help control the 

development of their crops and good yield production. These pesticides have been 

used for controlling weeds, insect infestation and diseases, as shown in Figure 1.2 

below [8] [9]. The use of pesticides has been increasing in the agri-food sector with 

the vision of increasing the production quality of vegetable oils. The most common 

reported type of pesticides are the neonicotinoid pesticides. These pesticides can 

easily accumulate in the environment matrices, plants and animals because of their 

high-fat solubility, chemical stability and long-distance migration, especially in animals 

and plant adipose tissues [10]. Many studies have shown that these NEOs are 

associated with many common chronic diseases, including cancer, chronic respiratory 
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diseases, neurodegenerative diseases, cardiovascular diseases, endocrine disorders 

and diabetes.  

 

Figure 1. 2: Illustration of damage caused by pests on crops [11] [12] [13]. 

 

Due to pest infestation and the damage caused by them, there is a need to 

employ pesticides to mitigate/reduce pest infestations, monitor crop growth and 

production. Figure 1.3 shows the application process of pesticides for pest control. 

Moreover, neonicotinoids are soluble in water and can be systemically absorbed by 

plants via the xylem. Additionally, when employed as seed treatments, they are 

durable in the environment and transfer to residues in the pollen and nectar of treated 

plants. These insecticides are extremely hazardous to aquatic species and pollute 

waterways/ waterbodies [14].  

 

Figure 1. 3: Application of pesticides [15].  

Due to the toxicity effects of these pesticides on human health and the 

environment, different organisations globally have set the tolerable maximum residue 
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limits (MRLs) of these NEOs to monitor human health while regulating higher yields 

[16]. This was implemented to monitor the daily acceptable intake of these vegetable 

oils consisting of the trace amount of these contaminants. Countries like Japan, China 

and the US have their MRLs for oil producing crops at 0.04 mg.kg-1, 0.05-0.5 mg.kg-1 

and 0.05-3.5 mg.kg-1, respectively. Due to health risks caused by these NEOs, some 

countries have restricted their usage [17]. 

Moreover, implementing the MRLs was due to the risks they pose to public 

health and contamination by unwanted and harmful substances, which causes 

financial losses and lowers the revenues of products made from vegetable oil in 

international trade. The bodies that establish these MRLs are government and 

international organisations like World Health Organization (WHO) and Food and 

Agriculture Organization (FAO), as it has been reported for the pesticides [18]. 

Moreover, it is worth noting that the NEOs mostly accumulate in crops via plant 

absorption of NEOs used for crop protection from insects/pests, fungi infection or any 

microbial infection, and weeds at different stages of cultivation that can affect the high-

yield production of these crops. For instance, the MRL for 

dichlorodiphenyltrichloroethane (DDT) and hexachlorocyclohexane (HCH) in 

soybeans is set at 0.05 mg/kg [18]. The NEOs, which have been regarded as food-

borne contaminants, are most common in these vegetable oils. The occurrence of 

these food contaminants in different food products is not only a health concern but 

also results in  economic losses and image damage [4]. These compounds can also 

be found in other foods derivatives such as bread, bakery items, margarine, similar 

foods, and meat, among others [19].  

Since the discovery of NEOs in the late 80s, their large-scale application for 

crop protection has been through a wide range of various crops, which includes 

vegetables and fruits, veterinary products, and biocides, to invertebrate pest control in 

fish farming among others. It was reported that their usage has greatly increased 

globally, contributing to about 25 % of the market in 2014. This is good news for the 

production industry of agrochemicals (pesticides, herbicides and fungicides) and 

increased crop protection from insect infestation, while increasing crop production [20]. 

Since the whole process concerns growing the economy and eliminating or reducing 

unemployment, such production is economically friendly. These pesticides are 

persistent in the environment [21]. Moreover, NEOs have a low acute toxicity in 
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vertebrates but a substantial acute toxicity in insects due to variations in these 

receptors [22]. The insects' neural systems are fully disrupted by compounds' ongoing 

action, leading to sublethal effects such as rejection, lowered or cessation of feeding, 

decreased or cessation of reproductive activity, reduced mobility, and even death [23]. 

These NEOs have been reported to exist in different groups based on the different 

parental compound groups. There is a total of thirteen of these NEOs, however, only 

seven have been reported to be more abundant. Out of the seven most abundant 

pesticides, we have them divided into three subgroups based on the difference in 

parent groups, and they have been outlined in Figure 1.4 [24]. The "First generation 

group" is distinguished by the chloropyridine group, the "Second generation group" is 

indicated by the chlorothiazole group and the "Third generation group" is characterised 

by the 3-tetra-hydrofuranyl ring [24]. 
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Figure 1. 4: Three subgroups of neonicotinoid pesticides [24]. 

1.2. Problem statement  

The current study focuses on developing sample analytical preparation 

methods which involve “greener” extraction procedures followed by chromatographic 

techniques for determining NEOs in various vegetable oils of interest. This study's 

motive is due to the toxic effects of these pesticides on human and animal health, and 

adverse environmental effects. It is also worth indicating that these pesticides are 

found in our daily food products that form our diet, such as margarine, meat, processed 
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dairy products, vegetable oils, among others. However, these compounds are  toxic  

and if consumed in certain amounts that surpasses the threshold limits the pose 

serious health effects in both humans and animals; therefore, there is a need to 

monitor daily dose exposure, and precautionary measures should be taken into 

consideration when consuming food containing these pollutants [25]. 

Furthermore, different sample preparation methods have been developed and 

reported for the determination of these contaminants. The reported conventional 

methods have several disadvantages such as being cost-effective, using large 

amounts of organic solvents, laboriousness, not environmentally friendly and require 

additional or coupled sample pre-treatment methods for sample clean-up. Since the 

pesticides are poorly volatile with high polarity, gas chromatography with mass 

spectrometry (GC-MS) has been utilised as a sensitive and conventional technique, 

thus requirement of an additional sample preparation step known as the derivatisation 

step before sample quantification, which involved additional use of organic solvents 

[26] [27]. The derivatisation method is typically performed to change the properties of 

the sample and analyte for compatibility with detection instrument and achieve better 

separation and improve method sensitivity [28]. Other chromatographic detection 

techniques such as liquid chromatography mass spectrometry (LC-MS), use 

expensive instrumentation and high operating costs [29]. These techniques are not 

ideal for on-site detection of high-throughput screening of samples, and drawback with 

the techniques  is overcoming matrix interference while retaining sensitivity since 

majority of samples cannot be directly analysed [30].  

1.3. Aim and objectives. 

1.3.1 Aim  

This proposed research project aimed to develop simple, greener, and sensitive 

extraction methods (Deep eutectic solvent-dispersive liquid-liquid micro-extraction and 

magnetic solid phase microextraction) followed by high-performance liquid 

chromatography-diode array detector (HPLC-DAD) analysis for determination of the 

selected NEOs (thiamethoxam, imidacloprid, thiacloprid and acetamiprid) in various 

vegetable oils.  
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1.3.2 Specific objectives 

The specific objectives of the proposed research project were to;  

(i) Develop Magnetic solid-phase microextraction (MSPME) method for 

preconcentration and extraction of thiamethoxam, imidacloprid, thiacloprid 

and acetamiprid in vegetable oil samples followed by chromatographic 

determination. 

• Synthesize and characterize Magnetic nanocomposite adsorbent 

(Fe3O4@Al2O3/AC), using various analytical techniques such as Fourier 

transform infrared spectrometry (FTIR), Powdered X-ray diffraction (PXRD), 

Scanning electron microscope coupled to energy dispersive X-ray 

spectroscopy (SEM-EDS), Thermogravimetric analysis (TGA), Transmission 

electron microscopy (TEM), Brunauer-Emmett-Teller analysis (BET) and 

Ultraviolet visible spectroscopy (UV-Vis) among others. 

• Apply the synthesised magnetic nanocomposite for development of MSPME 

method for preconcentration and extraction of thiamethoxam, imidacloprid, 

thiacloprid and acetamiprid. 

• Optimize the proposed MSPME parameters (adsorbent mass, sample pH and 

volume, extraction time, eluent concentration and volume, solvent type and 

solvent volume) using chemometrics tools. 

• Apply the MSPME procedure at optimum conditions to preconcentrate and 

quantify the concentrations of thiamethoxam, imidacloprid, thiacloprid and 

acetamiprid in real vegetable oil samples. 

• Quantification using MSPME will be the basis for comparison with literature-

reported method studies. 

 

(ii) Use the developed Deep eutectic solvent-dispersive liquid-liquid micro-

extraction for preconcentration and extraction of thiamethoxam, imidacloprid, 

thiacloprid and acetamiprid in vegetable oil samples followed by 

chromatographic determination 

• Use various deep eutectic solvents to evaluate the Deep eutectic solvent-

dispersive liquid-liquid micro-extraction (DES-DLLME) of thiamethoxam, 

imidacloprid, thiacloprid and acetamiprid in different vegetable oils. 
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• Synthesize and characterise the deep-eutectic solvents (DES) using nuclear 

magnetic resonance (NMR) and Fourier transform infrared spectrometry 

(FTIR). 

• Apply DES-DLLME method for preconcentration and extraction of 

thiamethoxam, imidacloprid, thiacloprid and acetamiprid. 

• Optimize several extraction parameters such as pH of the sample solution, type 

of DES, DES volume, vortex time, eluting time and eluting solvent using 

multivariate approach to obtain maximum extraction efficiency of the proposed 

DES-DLLME method.  

• Apply the DES-DLLME procedure to preconcentrate and extract thiamethoxam, 

imidacloprid, thiacloprid and acetamiprid in vegetable oil samples before 

chromatographic determination. 

• Compare the DLLME method performance with other literature reported 

preconcentration extraction methods in terms of analytical figure of merits.  

1.4. Justification of the study 

Many researchers have adopted different sample preparation methods to 

determine these neonicotinoid pesticides. The preparation methods adopted suffered 

from several challenges that led to their lack of application/ elimination or replacement 

by simpler and greener methods with minimum drawbacks and offer several 

advantages over conventional methods. Majority of the studies reported in literature 

were tedious, required large amounts of organic solvents and used reagents that were 

not environmentally friendly. This research project is driven by the aim of developing 

“greener” environmentally friendly methods for sample preparation, which only require 

small volumes “microliter” reagents, utilising waste materials to synthesize adsorbent 

materials to minimise the toxicity that the waste pose on the environment. The adopted 

sample preparation methods for this research project were designed to be cost-

effective and simple. The adopted sample preparation methods for this research 

project were cost-effective and simple. 

The magnetic solid phase microextraction (MSPME) technique was employed 

for its several benefits:  simple, efficient, cost-effective, and improved selectivity. The 

MSPME procedure is favoured because the separation of analytes is very simple since 

the sorbent with analytes of interest is achieved using an external magnetic field, thus 
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making the extraction quicker and easier [31]. The DES-DLLME has the advantages 

of being simple, inexpensive, eco-friendly extraction technique, and offers high 

enrichment factors [32]. The extraction of analytes of interest from the sample matrix 

was enhanced by adding chlorinated ionic liquids [33]. 

Most of the procedures outlined in some literature reports such as conventional 

pressurised-fluid extraction (PFE), microwave-assisted extraction (MAE), SPE (solid 

phase extraction), LLE (Liquid-liquid extraction etc.) are environmentally unfriendly, 

have high running costs, arduous due to the analytical matrix's complexity and typically 

require homogenising samples containing a significant amount of organic and 

inorganic solvents [34]. The HPLC-DAD employed in this study is a good quantification 

technique for the selected pesticides, and the LC-MS; an efficient validation detection 

technique because it is more compatible with green chemistry, more sensitivity with 

better detection limits. The technique provides several advantages which include 

robustness, reduced operation costs, higher speed, and gain in sensitivity. The 

instrument requires small sample volumes for analysis (micro and nano) in a routine 

analytical lab. Adopting these sample preparation methods (MSPME and DES-

DLLME) that are aligned with principles of green chemistry for determining NEOs in 

vegetable oil samples to assist with establishing daily intake control measures by 

monitoring presence and quantification of NEOs, development of NEOs legislations 

and ensuring safe agricultural produce. 

1.5. Hypothesis 

The developed pre-concentration and extraction methods (MSPME and DES-

DLLME) have high tendencies to comply with the principles of green chemistry like 

being rapid and selective for determining the selected NEOs in vegetable oils.  

1.6. Research questions. 

I. Will the magnetic nanocomposite be able to preconcentrate the NEOs? 

II. How many times can the magnetic nanocomposite be re-used? 

III. What are the factors that affect the extraction of analytes when using 

MSPME and DES-DLLME? 

IV. Between MSPME and DES-DLLME, which sample preparation method will 

have more merits for the extraction of the NEOs from vegetable oils? 
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V. Which sample preparation method will be greener when assessed by 

AGREE tool? 
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CHAPTER II (LITERATURE REVIEW) 

PREAMBLE  

This chapter discusses the qualitative and quantitative techniques reported by 

researchers in the literature. The neonicotinoid pesticides (NEOs) have been said to 

be poorly volatile with high polarity. Various methods have been reported for 

investigation of these types of pesticides wherein the general principle of the methods 

that have been reported. Sample preparation methods and quantification techniques 

developed during the investigation of these pesticides are also reported in this chapter. 

The knowledge and understanding of how these pollutants are introduced in food 

samples and which methods are the best for sample preparation and quantification of 

these analytes of interest are discussed at the end of this chapter. The merits and 

possible limitations of these sample preparation methods are also addressed. 

Additionally, the analytical performances of the various published sample preparation 

methods are evaluated in terms of accuracy, detection limit, precision, etc. Moreover, 

this chapter highlights the gaps in pretreatment and preconcentration methods, 

chromatographic determination of neonicotinoid pesticides, and possible future 

developments.  

2.1 Background 

2.1.1 Neonicotinoid pesticides 

Pesticides used in agricultural practices for pest control, weed control and plant 

growth regulation were introduced long time ago. The positive effect of these 

pesticides has been reported. However, during their application, they tend to 

accumulate in the food via absorption through the roots and leaves. Human 

consumption of food consisting of these organic pollutants poses some adverse health 

effects [1]. The neonicotinoids, also known as the NEOs or Neonics were discovered 

in the late 1980s and their usage has increased worldwide at large scale [2]. The use 

of these neonicotinoid pesticides results in various environmental problems such as 

polluting the water streams, affecting soil quality, and being absorbed by the plants. 

Moreover, the pests are responsible for inhibiting the development and normal growth 

of the crops, while the weeds are responsible for competing with the crops/ plants in 

sharing water, sunlight and manure. Additionally, they tend to grow faster than the 

planted crops whereas diseases infestation tend to destroy a whole crop development 
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and if left untreated the crops end up dying [3]. Different types of neonicotinoids 

compounds exist, and they have also been subdivided into three groups based on the 

differences on main functional groups. In comparison with pesticides in other classes, 

they have the advantages of being very poisonous to insects, having a wide variety of 

application options, and being less hazardous to vertebrates. 

However, the conventional commercial NEOs, including thiacloprid (TCL), 

imidacloprid (IMI) , dinotefuran (DIN), nitenpyram (NIT), thiamethoxam (TMX), 

acetamiprid (ACT) and clothianidin (CLO) are widely used due to their outstanding 

effectiveness against insects and relatively low toxicity towards humans and other 

mammals [4]. Neonicotinoids are an inconsistent/ reactive group of chemicals, as seen 

by their tendency to disintegrate into derivative components in the soil, how they are 

metabolised in the bodies of insects, and how they negatively affect the bee’s 

metabolism. Four components are shared by the chemical structures of neonicotinoids 

developed in the recent decades: (1) Hydro-heterocyclic, or guanidine/amidine 

groups, (2) elastic bonds, (3) aromatic heterocyclic groups, and (4) electron 

withdrawing groups as shown in Figure 2.1 [5]. It is also feasible to divide these 

subclasses further into nitroguanidine and cyanoamidine. Due to their chemical 

structures, clothianidin have been counted the most toxic substances to honeybees 

[6]. Nitroguanidine-type neonicotinoids are substantially more polar and reactive due 

to the presence of oxygen atom-containing N-nitro groups within their structure [7]. 

Imidacloprid, thiamethoxam, and clothianidin are among the members of this group. 

Neonicotinoids of the cyanoamidine type are less polar and less reactive due to their 

cyanoamidine groups which do not include oxygen atoms instead of nitro groups in 

their particles. Such substances include acetamiprid and thiacloprid. Neonicotinoids 

of the nitroguanidine group, are toxic to bees [7]. Neonicotinoids of the cyanoamidine 

group, non-toxic to bees. The most prevalent insecticide currently being used 

worldwide is imidacloprid. Additionally, from the three classes (organochlorine, 

organophosphate and carbamate) of  insecticides, imidacloprid have been viewed as 

safer alternatives to more toxic insecticides [8]. In 2016 the Scopus database reported 

the neonicotinoids constituting about 3.76% among other pesticides population [9]. 

Products labelled for use on agricultural crops include acetamiprid and dinotefuran; 

however, their applications are more common in the greenhouse and nursery use. The 

acetamiprid and dinotefuran are not used for seed treatment [10]. Table 2.1 
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summarises the physical and chemical properties of some neonicotinoid pesticides. 

The physical and chemical characteristics of thiamethoxam, imidacloprid, and 

clothianidin are also comparable. The physicochemical properties of the clothianidin, 

thiamethoxam and imidacloprid have shown low octanol-water partition (Kow) 

coefficients, low vapour pressures, low Henry's Law constants, and they are readily 

soluble in water [11]. These kinds of compounds are not likely to volatilize, are mobile 

in topwater and groundwater, and are easily soluble in water [12]. Furthermore, their 

organic carbon partition coefficient (Koc) values align with compounds that exhibit 

strong leachability. Their physicochemical properties, which are primarily evaluated in 

terms of their dissociation constant (pKa) and octanol water partition coefficient (Kow), 

allow them to enter plant tissues and spread across the entire plant [11]. 

 

Figure 2. 1: Representation of four pharmacophores of the neonicotinoid pesticides 
structure [13]. 
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Table 2. 1: Physical and chemical properties of some of the most common commercial neonicotinoid pesticides reported. 

Name of 

neonicotinoid 

pesticide 

Water 

Solubility 

(mg.L-1) at 20 

°C 

Octanol water 

partition 

coefficient 

(Log Kow) 

Organic carbon 

partition coefficient 

(mL.g-1) (Kow) 

pKa 

Value 

Molecular 

formula 

Molecular 

weight 

(g.mol-1) 

Ref 

Acetamiprid 4250 0.8 169.05 0.7 C10H11ClN4 222.68 [14] 

Clothianidin 327 0.7 215 7.472 C6H8ClN5O2S 249.68 [15] 

Dinotefuran 39830 -0.55 NA 12.6 C7H14N4O3 202.2  

Imidacloprid 610 0.57 260 pKa1= 1.56 &  

pKa2= 11.12 

C9H10ClN5O2 255.7 [16] 

Nitenpyram 590000 -0.66 NA 3.1 C₁₁H₁₅ClN₄O₂ 270.7 [17] 

Thiacloprid 184 1.26 615 NA C10H9ClN4S 252.72 [18] 

Thiamethoxam 4100 -0.13 70 NA C8H10ClN5O3S 291.71 [19] 

NA- Not Applicable (has no basic or acidic properties in aqueous solutions) 
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2.1.2 Pesticides contamination on plants 

The neonicotinoid pesticides (NEOs) have been reported to be persistent in the 

environment and translocate to residues in pollen and nectar of treated plants when 

utilized as seed treatments. The NEOs can be applied directly to the soil by runoff, 

seed dressing, and spray drift, among other methods [20]. NEOs go through several 

transit and transformation mechanisms once they are in the soil-water ecosystem. 

NEOs are mostly transported by leaching, surface runoff, and plant absorption in soil 

settings [21]. NEOs fate and routes of transportation in soil settings are influenced by 

the chemical qualities of the insecticide (their capacity of leaching, solubility, volatility, 

and period for its radioactive isotope to decay), the natural composition of the soil, and 

techniques used for administration [22]. NEOs are small compounds having low 

volatility and high solubility in water that ranges from 184 and 590 mg.L-1. This 

escalates concerns about the possibility that NEOs could contaminate surface and 

groundwater through leaching or surface run-offs [23]. NEOs are among the most 

significant categories of insecticides due to their potency, ability to kill a wide variety 

of insects as well as some grubs, and decreased toxicity towards mammals [24]. 

Furthermore, NEOs are extremely versatile in plants and environmental matrices and 

have been found in surface water from surrounding agricultural areas throughout the 

world, their usage has recently become a source of concern due to their possibility of 

being environmental contaminants [25]. These insecticides are reported to be 

extremely hazardous to aquatic species.  

Since NEOs pesticides are readily absorbed by plant roots or leaves and 

transported throughout plant tissues [26].  They can be transported systemically 

through plants via the xylem and the process is well represented in Figure 2.2 [9]. 

Several factors like soil texture, temperature and organic carbon content (OC) 

influences adsorption of the NEOs [27].  
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Figure 2. 2: General pesticides cycle between the environment and crops [9]. 

 

Additionally, Figure 2.3 gives other factors influencing accumulation of the 

pesticides in crops [11]. Various factors have been reported to have an influence in 

the accumulation of these pesticides from different systems. The physicochemical 

characteristics of the pesticides, the environmental factors, and the plant physiology 

all influence the accumulation mechanisms [28]. All these factors contribute to the 

persistent of these pesticides within the environment. All these factors assist 

researchers with generating knowledge and understanding of the life cycle and the 

behaviour of these contaminants and how their elicit the toxicity on different samples 

[29]. The knowledge from all these will assist on how to handle and control NEOs 

accumulation and control their further damage on humans and environment. The 

NEOs go through a number of transportation and transformation steps once they are 

in the soil-water ecosystem  [30]. When NEOs remain in the soil-water ecosystem, 

they degrade both biologically and chemically [31]. 
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Figure 2. 3: Some of the factors and mechanisms having impact on pesticides 
accumulation in different samples and their properties [11] [32]. 

 

2.1.3. Effects of neonicotinoid pesticides in humans and insects 

Consumption of vegetable oils contaminated with NEOs at trace levels fosters 

significant health issues such as headaches, abdominal pains, dizziness, vomiting, 

nausea, and eye problems among others. The NEOs toxicity affects the nervous 

system and they are also carcinogenic in nature. The long term health effects 

associated with exposure to NEOs include memory disorders, cancer, respiratory 

problems, dermatologic conditions neurologic deficits, depression, miscarriages and 

birth defects [33]. The NEOs bonds strongly to nicotinic acetylcholine receptors in the 

central nervous system. They function similarly to the neurotransmitter and bind 

strongly to the nicotinic acetylcholine receptors (nAChRs) in insects' central nervous 

systems, thereby stimulating the nervous system at low doses and causing receptor 

blockage, paralysis, and death at greater concentrations. Figure 2.4 shows an 

illustration of the mechanism on neonicotinoid pesticides in the central nervous system 

[13]. They bind more strongly to receptors in insects than to those of vertebrates, so 

they are selectively more toxic to insects. Moreover, due to the toxicity caused by 

these pesticides in human and animal health, certain countries have established the 

maximum residual limits (MRLs) [34]. The primary objective of the Codex Committee 

on Pesticides Residues (CCPR), a supporting body of the Codex Alimentarius 

Commission (CAC), is to offer guidelines on pesticide residues in food [10]. For 

instance, the MRLs for thiamethoxam and imidacloprid in nations that are a part of the 

European Union (EU) are 20 mg.kg-1 and 0.05 mg.kg-1, respectively. Conversely, the 

MRLs for imidacloprid and thiamethoxam in Japan are 10 and 15 mg.kg-1, respectively, 
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whereas in China, imidacloprid is set at 0.5 mg.kg-1. Vegetable oils are industrially 

processed to optimize consumer safety and acceptance by removal of components 

that can pose negative effect on appearance, taste, and shelf stability [35]. 

Additionally, other effects of pesticides accumulation on the environment involves 

biodiversity decreases in soil and poor water retention [5]. 

 

Figure 2. 4: Neonicotinoid acetylcholine receptors action in the presence of 

acetylcholine and a neonicotinoid substance [13]. 

 

Due to these pesticides’ toxicity in humans, there is a need for their monitoring 

in vegetable oils and other various environmental matrices to preserve humans’ 

health. Researchers have been developing different methods for determination, 

monitoring, and control/ mitigation of these contaminants in different food samples as 

they are present in trace levels concentrations. Considering the growing research 

interest about NEOs analysis, the contents of this study have consistent number of 

studies for trace NEOs measurement in a variety of matrices that have been reported 

from 2010 till 2024 have been reviewed in this chapter. The aim of this chapter is:  

(i) To provide an overview of the various sample preparation procedures for 

NEOs in samples of different origin and composition, food, and biological 

matrices, before instrumental quantification. 

(ii) To present the key features of each reported study in table format for an 

easy comparison of different research studies based on the selected 

analytes, sample preparation technique matrix, instrumental quantification, 

recovery, and sensitivity. 
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(iii) To gather and briefly describe, as a function of the type of matrix, the various 

pretreatment procedures, that are summarized highlighting their key 

aspects and commented in terms of extraction efficiency, precision, and 

sensitivity. 

2.1 Determination of NEOs in food samples 

As a way of controlling and monitoring purposes, researchers have developed 

chromatographic methods for determination of NEOs in various food samples [36]. 

However, since food matrices are complex, there was a crucial need to develop 

sample preparation methods prior to chromatographic determination of NEOs [37].  

The most common reported sample preparation methods were liquid-liquid extraction 

(LLE) and solid phase extraction (SPE) [25].  

Sample preparation step is the most crucial step for determination of these 

NEOs in different samples, since majority of the samples cannot be directly analysed 

due to them not being compatible to the instrument. This has led to development of 

different sample preparation methods. During the sample preparation method, the 

target analyte(s) are extracted together with other components in samples and these 

co-extracted components are removed from the matrix [38]. In pretreatment stage 

objective targets  include removing interfering species, extracting analytes, and 

preconcentrating the target analyte(s) to increase analyte final detection signal [39]. 

Analytes are preconcentrated when the target analyte is extracted from comparatively 

high sample volumes and placed in a small number of microliters of eluent. In bringing 

the analyte concentration into the dynamic range of the particular analytical apparatus, 

this procedure increases the precision and accuracy of the results [40]. Figure 2.5 

shows a general overview of some of the preconcentration, sample preparation and 

clean up methods that have been studied and reported along with their derivatives 

[41]. 
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Figure 2. 5: Overview of sample preparation methods and their miniaturized 
methods. 

The problem related with food safety raised interest in scientific research field to 

try and provide the best extraction and analytical methods for analysis of pesticide 

residues in different food samples. The NEOs have been identified on a wide scale in 

the environment, with concentrations ranges of parts per billion (ppb) – parts per 

million (ppm) in soil, parts per trillion (ppt)–ppb in water, and ppb–ppm in plants [9]. As 

a result of the complexity of oil matrices, the study is quite arduous. Significant effort 

has to be put in during extraction of pesticides from sample matrices and clean-up of 

lipids prior to analysis. An efficient clean-up method of the oil extract is necessary to 

improve  instrument column lifetime and reduce the instrument downtime due to 

maintenance [42]. Inefficient sample clean-up could lead to matrix co-extractives to 

accumulate on the instrument flow channel, limiting the sensitivity of the analyte by 

lowering the inertness of the flow channel. The physicochemical characteristics of 

pesticides (polarity, pH sensitivity, thermal stability, etc.), interference in the sample 

matrix (water, fat, lipids, non-volatile material, compounds containing acidic or basic 

groups, etc.), instrument components, such as active sites in the gas chromatography 

(GC) system (the injector line or the column), and the analyte concentration are all 

factors that relate to matrix effects (MEs) [43] [44]. Factors to consider when selecting 

a sample preparation method to avoid undesirable matrix effects during 

chromatographic analysis [45]: 

❖ Recovery as close to 100% as possible 

❖ Good precision and accuracy of analytical values 

LLE

•LPME

•DLLME

•VALLME

•CPE

SPE

•MSPE

•DSPE

•M-µ-SPE

•MSPD

•QuEChERS



49 
 

❖ Low cost (reduced usage of organic solvents, reagents, SPE cartridges, etc.) 

❖ Quick and easy operation 

❖ Safety 

However, the traditional SPE and LLE sample preparation methods require large 

amount of harmful organic solvents that pose danger to human health and the 

environment, formation of emulsion, and low enrichment factor (EF). However, 

regardless of these disadvantages that these methods have, some researchers still 

use them. 

2.1.1 Liquid-liquid extraction 

Liquid-liquid extraction (LLE) is one of traditional sample preparation method 

involving the partition between the aqueous phase and the organic phase. LLE gained 

more application due to its advantages such as easiness, effectiveness, and wide 

acceptance in many standard methods [46]. Nonetheless, the main disadvantages of 

LLE are that it is tedious, has low enrichment factors, and uses a lot of hazardous 

organic solvents [47]. Therefore, to overcome these drawbacks, miniaturized liquid 

phase extraction methods have been developed and some of them are discussed 

below [48]. Table 2.2 below gives an overview of some of the LLE and their 

miniaturized methods that have been reported under the determination of these 

pesticides in food samples. 

2.1.1.1 Liquid phase microextraction 

The liquid phase microextraction (LPME) approach has garnered increased 

interest as an alternative for LLE in sample preparation and analyte enrichment [49]. 

In LPME, the extraction procedure typically occurs in small volumes of microliter 

aliquots of the acceptor phase, sometimes referred to as the extractant, a water-

impermeable solvent [50]. A drop of extractant is captured at the tip of a micro syringe 

needle in the simplest type of LPME, known as "headspace extraction," the extractant 

is then either suspended above the sample's surface or immersed directly into it [51]. 

2.1.1.2 Dispersive liquid-liquid extraction 

The dispersive liquid-liquid extraction (DLLME) is based on a ternary 

component solvent system, and the cloudy microdroplets are formed upon injection of 
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a mixture of an extractant (typically non-miscible organic solvent) and dispersants 

(miscible organic solvents) into an aqueous sample [52]. The main advantages of 

DLLME include easy operation, larger area between sample and extraction phase, 

greenness, rapidity, low cost, easy handling, low consumption of organic solvents, 

high factor enrichment (EF), high extraction recoveries (ERs) and satisfactory 

compatibility with the chromatographic techniques [8]. However, it is worth noting that 

not all DLLME methods are green, their GREEness depends on the type of solvents 

used. To enhance the extraction efficiency of analytes, dispersive solvents, which are 

used in DLLME, need to be miscible with aqueous samples as well as extracting 

solvents such as methanol, ethanol, acetone, and acetonitrile among others which are 

commonly used. Additionally, these solvents efficiently distribute the extracting solvent 

in water [53]. Most of these dispersants are slightly hazardous, highly volatile, and 

flammable. Deep eutectic solvents are receiving a lot of interest these days. Deep 

eutectic solvent (DES) is a novel class of extraction solvent that Abbot et al. (2023) 

recently studied [54]. The latter consist of a variety of inexpensive, environmentally 

friendly, safe, renewable and organic molecules that can yield compounds with a 

melting point that is far lower than that of any individual component through hydrogen 

bonds formation. Unique qualities of deep eutectic solvents that stand out are their 

great purity and environmental friendliness [45]. Certain characteristics, such as a high 

affinity for the analytes being extracted, low solubility in aqueous solution, and ease of 

dispersion into water, are required of an extraction solvent known as a deep eutectic 

solvent. Another solvent that has been reported for DLLME is ionic liquids (IL). The 

usage of IL is restricted by its relatively high cost, difficult synthesis method, and 

possible toxicity [45]. Deep eutectic solvents show similar physicochemical properties 

to ionic liquids, but they are much cheaper and safer for their use as solvents as 

compared to ionic liquids in synthetic transformations [42]. As compared to room 

temperature ionic liquids (RTILs), DESs have, however, notable advantages such as 

(i) their convenient synthesis (100 % atom economy), (ii) their very low price since 

most of DESs can be prepared from readily accessible chemicals and (iii) their low 

toxicity especially DESs derived from choline chloride (CCl) and renewable chemicals. 

Choline chloride is a commonly used organic salt for DESs, since it is biocompatible 

and most of the HBDs are cheap and environmentally benign such as urea, glycerol, 

or carboxylic acids. Additionally, DESs do not produce toxic metabolites and are 

biodegradable [45]. Moreover, a range of modified DLLME techniques, including air, 
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effervescence-assisted liquid-liquid microextraction (LLME), vortex assisted, 

ultrasound, and vortex, have been developed to remove dispersive solvents. 

2.1.1.3 Cloud point extraction 

Since cloud point extraction (CPE) employs smaller amounts of non-toxic 

organic surfactants than harmful organic solvents, it adheres to the "green chemistry" 

principles. Furthermore, in contrast to the organic solvents used, it is less dangerous, 

simple to use, affordable, quick, and incredibly effective. A surfactant solution is added 

to the sample at concentrations greater than the critical micelle concentration (CMC), 

allowing the production of micelles, in order to carry out cloud point extraction [45]. 

Two immiscible isotropic phases form as the analytes dissolve and partition into the 

micelles. The extracted analytes are found in the first phase, which is surfactant rich. 

The surfactant-rich phase and most of the aqueous phase are in balance. Phase 

separation in CPE is induced by temperature over the cloud point temperature (CPT) 

[55]. The temperature at which non-ionic surfactant aqueous solutions get turbid is 

known as the cloud point. More precisely, above the cloud point, the solution splits into 

two phases: a rich phase that is closer to the critical micelle concentration and has a 

high surfactant concentration in a limited volume, and a poor phase that is closer to 

the critical micelle concentration [56]. Extraction on NEOs analytes using non-CPE is 

regarded as non-hazardous due to its use of organic solvents. It can focus on the 

analyte that has a high rate of recovery. In addition, it is less expensive and safer 

because just a tiny quantity of the comparatively non-flammable and non-volatile 

surfactant is needed. When it comes to CPE for analyte extraction, ionic surfactant is 

superior to hazardous organic solvent. It can focus on the analyte with the highest 

recoveries reported [57]. Moreover, in 2018 Kachangoon et al. reported about the 

determination of neonicotinoids pesticides in water samples following the CPE 

method. The developed method showed EFs in the range of 20 to 333 that were 

acceptable. The ranges of the LODs and LOQs were 0.0003 to 0.002 µg. mL-1 and 

0.001 to 0.0067 µg. mL-1, respectively. Additionally, good linearity, reproducibility, 

repeatability, and recoveries were attained. In addition, it is less expensive and safer. 
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2.1.1.4 Hollow fibre liquid-phase microextraction 

Hollow fibre liquid-phase microextraction (HF-LPME), salting-out assisted 

liquid-liquid extraction, and a very tiny amount of the comparatively non-flammable 

and non-volatile surfactant are needed [58].   
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Table 2. 2: Overview of LLE and their miniaturized methods reported between 2013-2023. 

Matrix 

 

LLE 

method 

Analytes Detection 

technique 

LOD 

(µg.mL-1) 

Extraction 
time (min)  

Recoveries 

(%) 

RSD 

(%) 

Ref 

Rapeseed, 

Rapeseed 

Oil & 

Rapeseed 

Meal 

LLE ACT, IMI, 

TCL, TMX 

LC-MS/MS NR 6 70-118 NR [59] 

Cucumber DLLME ACT, IMI, 

TCL, IMD 

MEKC 0.0008-

0.0012 

16 79.7-98 3.8-7.1 [60] 

Sunflower 

seeds 

LLE ACT, IMI, 
CLO, TCL, 
TMX, DIN, 
NIT 

 

LC-MS/MS 0.0003-

0.0012 

10 70-120 2.4-9.6 [61] 

Surface 
water 

& 

Fruits juice 

VSLLME-

SFO 

ACT, CLO, 
NIT, IMI, 
TMX 

 

HPLC-DAD 1-5 11 85-105 1.10-3.45 [62]  
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Tea infusion LLE NIT, TMX, 

IMI, TCL 

 

LC-MS/ -MS 0.03  140 57.7-98 < 11 [63] 

Milk DLLME IMI HPLC-MSMS 0.09-0.27 17 81.94 < 9 [64] 

Fruits  DES-LPME ACT, IMI HPLC-DAD 0.04-0.31 3.30  64-89 ≤7.2 [65] 

Cucumber 

& tomato 

DLLME 

 

IMI, ACT 

 

HPLC MS/MS 3.4-10.4 

 

19.30 

 

86-104 

 

< 12 

 

[66] 

 

Milk LLE ACT, CLO, 
IMI, TCL, 
TMX  

UHPLC−MS/MS NR 

 

14 

 

77-125 

 

2-16 

 

[67] 

 

Grenadine 

& black 

current juice  

SE-VA-

DLLME 

 

ACT, IMI 

 

HPLC-DAD 

 

0.45-0.83 

 

20 

 

61.6-99.63 

 

2.6-6.7 

 

[68] 

 

Honey HLLME-

CIME 

ACT, CLO, 
IMI, TCL 

HPLC-MS 

 

0.01 

 

10.30 

 

86-100 

 

2.68-5.38 

 

[69] 

 

Green onion MLLE TCL LC-MSMS NR 16 97.2-101.5 9.7-13.8 [70] 
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Sugarcane LLE ACT, CLO, 
IMI, TCL, 
TMX 

LC-ESI-MS/MS 

 

0.0007-

0.002 

 

40 

 

62.06-

129.93 

 

2.52-14.57 

 

[71] 

 

Orange 

juice 

HF-MMLLE ACT, IMI LC-ES-MSMS 0.018-0.16 42 70-118 5.9-13.8 [72] 

Honey SULLE ACT, IMI, 
TCL 

HPLC-DAD 21-27 NR 91.49-97.73 < 5 [73] 

Tomato, 

pepper, 

lemon, 

orange, 

grape. 

DLLME 

 

ACT, CLO, 
IMI, TCL, 
TMX 

LC-MS 0.025-0.5 

 

73 

 

84.1-119 

 

3.3-15 

 

[74] 

 

Milk DLLME NIT, ACT, 
IMI, TCL 

HPLC-DAD 0.13-0.21 12 73-85 < 5.9 [75] 

Green onion PLE ACT, IMI, 
CLO, TCL, 
TMX, DIN, 
NIT 

LC-MS 

 

NR 

 

14 

 

94.7-99.5 

 

0.4-3.7 

 

[76] 

 

Cucumber, 

honey, 

orange 

CPE 

 

ACT, IMI, 
CLO, TCL 

 

HPLC-PDA 

 

0.0003-

0.001 

18 

 

70-119 

 

< 10 

 

[77] 
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Honey CPE NIT, IMI, 
TCL, TMX 

UHPLC-MS/MS 

QQQ 

0.13-0.18 

 

43 85.3-104.5 2.0-11.5 

 

[78] 

LLE- Liquid-liquid extraction, DLLME-Dispersive liquid-liquid extraction, PLE- Pressurized liquid extraction, HPLC-DAD- High performance liquid 

chromatography diode array detector, LC-MSMS- Liquid chromatography tandem mass spectrometry, CPE- Cloud point extraction, UHPLC-

MS/MS-QQQ- Ultra high-performance liquid chromatography coupled with triple quadrupole tandem mass spectrometry, LC-MS- Liquid 

Chromatography Mass Spectrometry, HPLC-PDA- High performance liquid chromatography photo diode array, SULLE- Salting-out assisted 

liquid-liquid extraction, HF-MMLLE- Hollow-fibre microporous membrane liquid-liquid extraction, MLLE- Micro-liquid-liquid extraction, HLLME-

CIME- Homogeneous liquid-liquid microextraction-cold induced aggregation microextraction, SE-VA-DLLME- Surfactant-emulsified vortex-

assisted dispersive liquid-liquid microextraction, DES-LPME- Deep eutectic solvent liquid phase microextraction, VSLLME-SFO- Vortex-assisted 

surfactant-enhanced-emulsification liquid–liquid microextraction, MEKC- Micellar electrokinetic chromatography, LC-ESI-MS/MS- Liquid 

Chromatography Electrospray Ionization Tandem Mass Spectrometric, LC-ES-MSMS- Liquid chromatography-electrospray tandem mass 

spectrometry  
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2.1.2 Solid phase extraction 

Solid phase extraction (SPE) is a straightforward, dependable, and efficient 

pretreatment technique that is used to achieve selective extraction and 

preconcentration of different analytes. Partitioning target analyte(s) between a liquid 

phase (sample solution) and a solid phase (adsorbent) is the fundamental principle 

behind this approach [79]. The sample loading, cleaning, elution, and sorbent 

activation are the crucial steps in this procedure. SPE has numerous advantages over 

LLE, including exceptional selectivity, considerable flexibility, reduced solvent usage, 

improved purification effect, and major automation possibilities [80]. Additional 

benefits include high enrichment factors, variable sorbent selection, speed, ease of 

usage, and convenience of use [81]. Neonicotinoid insecticides have been extensively 

extracted from a variety of substrates via solid phase extraction [82]. Nevertheless, 

depending on the sorbent type utilised, this approach may have certain disadvantages. 

In the extraction step, SPE often necessitates numerous manual operating 

procedures, takes a considerable amount of time, and presents the issue of cartridge 

obstruction when utilising a traditional immobilised column [83].  

Several studies have been conducted and reported in literature where SPE was 

applied in determination of NEOs, in 2021, Moustafa et al reported about the 

determination of imidacloprid pesticides in water using the AgNPs@chitosan 

adsorbent for SPE method in water samples and the removal efficiency of the pseudo-

second-order kinetic model was at a satisfying linearity of 0.9938 [84]. The extraction 

apparatus's miniaturisation, the pretreatment process's decrease in steps and 

duration, and the enhancement of selectively reducing the matrix effect are examples 

of advantages that new developments in sample preparation provide [85]. Solid-phase 

microextraction (SPME) and liquid-phase microextraction (LPME) are two more 

microextraction techniques that were developed to address drawback of conventional 

LLE and SPE techniques. Sampling, extraction, concentration, and sample 

introduction are all combined into one solvent-free step using SPME. Nevertheless, 

there are certain drawbacks with the fibre that is utilised, namely its high cost, carry-

over impact, fragility, and short lifespan [86]. Approaches based on liquid phase 

microextraction are far more economical and versatile, allowing for the employment of 

CPE (cloud point extraction) among other techniques. Additionally, Table 2.3 below 
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shows some of the reported SPE methods, and their miniaturized derivative methods 

for determination of the neonicotinoid pesticides. 

2.1.2.1 Dispersive solid phase extraction  

The dispersive solid phase extraction (dSPE) method, after mixing and stirring 

the extracted solution and the distributed adsorbent, the two are separated by high-

speed centrifugation [87]. The solid phase extraction of dispersants (dSPE) is not the 

same as the SPE of sorbent packed onto a column. The extraction sorbents huge 

specific surface area allows for a significant reduction in the equilibrium period 

between the sorbents and sample solution, even a small amount of adsorbent may 

fulfil the criteria for enrichment [88]. The parameters of the extraction process are 

critical to enrichment effectiveness. The pH of the aqueous solution influences the 

molecular form of the analytes as well as the charge species and density on the 

adsorbent surface [89]. The viscosity of an aqueous solution and the analytes' ion-

exchange interaction with the adsorption materials are both influenced by the 

medium's ion strength [90]. The type of extraction sorbent, elution solvent, and working 

time all guarantee a sufficient extraction and elution of target analytes. The primary 

disadvantage of dSPE is that the technique requires high-speed centrifugation [46]. 

2.1.2.2 Magnetic solid phase extraction 

By using an external magnetic field to separate the sorbent from the sample 

solution, magnetic solid phase extraction (MSPE) utilises magnetic nanoparticles as 

extraction adsorbents. The use of magnetic nanoparticles (MNPs) in the extraction, 

separation, and cleanup of a variety of environmental toxins has been the subject of 

research interest recently [91]. Additionally, there are a few elements in nature that 

have magnetic properties, including iron, cobalt, and nickel, so their nanoparticles and 

their derivative compounds are magnetized, respectively [92].  

There are different methods of synthesis and preparation methods of these 

magnetic nanosized powder NPs preparation which include co-precipitation, 

microwave assisted, sol-gel, hydrolysis, hydrothermal, and thermal decomposition 

[93]. Among the various kinds of MNPs that have been studied, Fe2O4 is the most 

common because of these advantages; excellent paramagnetic properties, stability, 

large surface area, tiny particle size, and water dispersity, less toxicity and its ease of 

synthesis and functionalization. MNPs have been extensively employed in many 



59 
 

matrices investigations and are crucial in the removal of metal ions, organic pollutants, 

and pesticide residues [94]. However, these MNPs have their own limitations which 

include their agglomeration, low extraction efficiency, MNPs oxidize easily, and 

instability in an acidic environment [95]. To overcome these restrictions, MNPs have 

been improved, modified, and functionalized using a variety of organic and inorganic 

materials, such as silica, polymers, imprinted molecules, hemi-micelles, micelles, ionic 

liquids, alkoxides, membranes, proteins, and enzymes that are appropriate for the 

required matrices compatibility [96]. In batch mode, functionalized MNPs have been 

used as MSPE sorbents to extract metal ions, chemical molecules, and biological 

materials [97]. Modified MSPE sorbents have demonstrated increased selectivity, 

reusability, compatibility in a variety of matrices, and good stability [98]. For the target 

analytes, the prepared magnetic sorbent's adsorption capacity is typically either higher 

or equal to that of the nonmagnetic sorbent's original value [99]. As a result, MSPE 

can address the shortcomings of the rapid centrifugation required by dSPE in addition 

to having all the benefits of dSPE [100]. Graphene oxide (GO), metal–organic 

frameworks (MOFs), covalent organic frameworks (COFs), nanocellulose, porous 

porphyrin organic polymer, and porous carbon have all been modified using magnetic 

particles as magnetic extraction sorbents [98]. The added advantage of this method is 

the reusability of the adsorbent [101]. 

Some advantages of magnetic nanoparticles are their high capacity for 

adsorption, ease of separation from the reaction medium, and simplicity in surface 

modification through the addition of functional groups. These benefits make magnetic 

nanoparticles attractive options for the quick, efficient, and targeted extraction and 

preconcentration of neonicotinoid pesticides. Recently, MOFs have gained more 

recognition by researchers due to their notable and considerable properties, which 

include variable pore volume and size, high surface area, and straightforward 

functionalization [102]. 

2.1.2.3 Solid phase microextraction 

A solvent-free sample preparation method called solid phase microextraction 

(SPME) usually integrates sampling, extraction, and concentration into a single fibre 

arrangement. Its benefits include miniaturisation, automated operation linked with 

chromatographic instruments. It also avoids labour-intensive manual operations and 
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enormous solvent usage [103]. One of the main characteristics of this method is its 

large-volume thin-film sorbent or membrane extraction phase, which has a high 

surface area-to-volume ratio and offers higher extraction efficiency and recovery than 

conventional fibre SPME methods [104]. 

2.1.2.4 QuEChERS 

The method was introduced early in 2003, the QuEChERS method is a fast, 

simple, affordable, reliable, secure, and robust approach to sample preparation that 

has been effectively evaluated for the removal and cleanup of pesticide residues, 

particularly in food samples [105].  Among other methods, QuEChERS offers several 

advantages over most conventional techniques, such as simple operations, no need 

for auxiliary equipment, lower organic solvent consumption, and high extraction 

recoveries [106]. The method has been highly recommended because of its low 

selectivity for multiresidue extraction. Nonetheless, the technique has been adjusted 

to maximise efficacy based on the target substances and the matrices that need to be 

examined [107]. This method's basic idea is to partition or extract liquid from liquid or 

solid samples, or to perform a salting-out aided liquid-liquid extraction (SULLE), 

usually with acetonitrile (ACN) as the extraction solvent, and then clean up the sample 

[108]. To achieve adequate results in terms of sensitivity and selectivity, its 

employment prior to separation techniques like LC or GC paired with MS detection is 

required due to its lack of selectivity and lack of a preconcentration phase [109]. A 

more extensive study about this method have been reported on Table 2.3. 
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Table 2. 3: An overview of solid phase extraction and their miniaturized methods reported for extraction of NEOs from 2013 to 2023. 

QuEChERS a type of dispersive solid phase extraction method reported used for extraction of the neonicotinoid pesticides 

in food samples. 

Matrix Pesticide Method Adsorbent Detection 

technique 

LOD 

(ng. 

mL-1) 

%RSD 

 

Recoverie

s 

(%) 

EF Extraction 

time (min) 

Ref 

Water & 

honey 

ACT, 

TMX, IMI, 

TCL 

SPE TAPA-BPDA-

COFs              

HPLC-

DAD 

0.08-

0.12 & 

2.6-3.3  

< 7.6  80.0-121.9              67-

427            

NR [110] 

Sunflower 

seed          

ACT, 

TMX, IMI, 

TCL         

SPE CH3NH-G      UPLC-

MSMS                      

< 6 1.7-2.9                        74.3-119.1                 NR 5 [111] 

Tea 

infusions & 

water  

IMI 

 

SPE 

 

MIL-

101(Cr)@DES 

 

HPLC-

DAD   

 

NR 

 

NR 

 

90-98 

 

NR 

 

8 

 

[112] 

 

Green 

pepper & 

tomato      

ACT, IMI, 

CLO, 

TCL, 

SPE ENVI-Carb 

II/PSA SPE 

cartridge 

LC–

MS/MS 

NR ≤ 7.5 71.7-122.3 NR 30 [113] 
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TMX, 

DIN, NIT 

Lemon 

juice & 

Honey 

ACT, 

TMX, IMI, 

TCL 

MSPE Rut-MOP HPLC-

DAD 

0.03-

0.04 & 

2.5-3.0 

n  

1.9-7.6 82-118  NR NR [114] 

Cucumber ACT & 

IMI  

MSPE MGO/MIL  HPLC-

DAD  

0.1-0.8  < 2.08 82.13-

102.27 

NR NR [102] 

Lemon 

juice               

ACT, 

TMX, IMI, 

TCL          

MSPE C18 HPLC-UV                      0.08 & 

0.2 

4.6-7.1                        88.75-

111.60           

NR 20 [115] 

Cucumber 

& Lettuce 

ACT, 

TMX, IMI, 

TCL, 

CTN, IMC                    

MSPE Fe3O4@COF-

(NO2)2          

HPLC-UV                          0.02–

0.05 

< 8.8                           77.5-107.4              170

-

250            

10 [116] 

Water & fat 

melon 

ACT, 

TMX, IMI, 

TCL          

MSPE Co-MNPC   HPLC-UV                         0.01-

0.06 

4.5-6.7                        93-99.8                       NR 20 [117] 
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Environme

ntal water 

ACT, 

TMX, IMI, 

TCL, 

CLO 

MSPE Fe3O4/ZIF-

67/GO               

HPLC-

MSMS                

0.06-

1.0 

1.8-

16.5                      

83.5-117                     NR 50 [118] 

Pear & 

Tomato 

ACT, 

TMX, IMI, 

TCL           

MSPE Fe3O4@SiO2-G   HPLC-

DAD                     

0.08-

0.15  

2.1-6.3                       93.1-107.4              177

-

195           

20 [119] 

Environme

ntal water 

& peanut 

milk 

ACT, 

TMX, IMI, 

TCL           

MSPE MOPC–ZSM-5 HPLC-UV 0.1-0.2 

& 1.0-

2.0 

4.8-7.4 96.74 - 

112.40 

NR 20 [120] 

Surface 

water 

ACT, 

CLO, IMI, 

TCL 

M-µ-SPE MP-POP HPLC-

DAD 

0.013-

0.032  

< 5 91 - 99.3 94-

110 

15 [121] 

Rice IMI  MSPD MIP & C18 LC–

MS/MS 

2.4  4.5-5.9 

& 4.8-

7.1 

83.8-92.5 NR 8 [122] 

Water  ACT, IMI, 

TCL, 

DSPE MOF-UiO66 HPLC-MS 0.02–

0.4 

8.5-

13.1 

73.7-119. NR 5 [123] 



64 
 

CLO, 

TMX 

Tea 

infusion   

IMI, ACT, 

TMX, IMI 

DSPE 

 

GO 

 

UPLCMS/

MS                   

0.46-

1.4 

1.5-4.7 

 

72.2-95 

 

NR 

 

10 

 

[124] 

 

Rapeseed 

Peanut 

Soybean 

Sesame 

seeds 

ACT, TCL 

 

QuEChERS NR LC-MS/MS 0.5-7.5 < 13 70.5-100 NR NR [125] 

Cucumber 

Cabbage 

Orange 

Apple 

ACT QuEChERS NR GC-

MS/MS 

0.0001

-

0.0026 

14.3 75.3-113.6 NR 12 [126] 

Olive oil 

Olives 

Avocado 

ACT, 

TMX, 

TCL 

QuEChERS Z-Sep+ or Z-

Sep 

UHPLC-

MS/MS 

NR < 10 NR NR 11.30 [127] 
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Chicken 

muscle 

ACT, 

TMX 

QuEChERS C18  UHPLC-

QToF-MS 

0.85 & 

0.19 

1.91–

5.17 

84.92-

101.34 

 8.10 [128] 

Kiwi fruit ACT, 

CLO, IMI, 

TMX 

QuEChERS NR LC-MS/MS 0.0003

- 

0.0014 

0.95- 

4.17 

70-120 NR 12.30 [129] 

Eggs ACT, IMI, 

TMX 

QuEChERS NR UHPLC-

MS/MS 

0.1-1.0 15.3 74.4-115.2 NR 11 [130] 

Canned 

and fresh 

peach 

TMX QuEChERS NR GC-MS NR < 20 69-125 NR 28.20 [131] 

Avocado & 

Almond 

ACT, IMI, 

TCL, 

TMX 

QuEChERS PSA-C18, 

silica, Z-Sep 

and Z-Sep+ 

LC-MS/MS NR 1-2 70-120 NR 48.30 [132] 

Olives  

& Olive Oil 

IMI, TCL QuEChERS NR LC/DAD/E

SI/MS 

0.005 

& 0.08 

NR 85-110 NR 22 [133] 

Virgin olive 

oil 

ACT, IMI, 

TCL, 

TMX 

QuEChERS 

dSPE 

NR Nanoflow NR < 19 

 

75-119 NR 19 [134] 
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LC/ESI Q-

Orbitrap-

MS 

Olive oil ACT, IMI, 

TCL, 

TMX 

d-SPE, SPE 

& 

QuEChERS 

NR UHPLC-

MS/MS 

NR < 20 70-120 NR 18 [135] 

Olives ACT, IMI, 

TCL, 

TMX 

MSPD & 

QuEChERS 

C18 LC-MS/MS <10 NR 70-120 NR 3.30 [136] 

Pistachio ACT, IMI 

 

QuEChERS-

DES-DLLME 

NR HPLC-UV 

 

1.5 & 

3.0  

< 7 

 

95.6-99.4 

 

NR 138.30 [137] 

 

Spinach, 

cucumber, 

apple, 

pomelo 

ACT, IMI, 

CLO, 

TCL, 

TMX, 

IMD 

QuEChERS NR LC-MS/MS 

 

0.2-

0.85 

 

≤ 14.0 

 

73.7-103.8 

 

NR 40.30 [138] 

 

Cabbage ACT, IMI, 

CLO, 

TCL, 

QuEChERS NR UPLCMS/

MS 

0.2-0.5 

 

< 5.1 

 

79-108.4 

 

NR 23 [139] 
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TMX, 

DIN, NIT 

 

Cucumber, 

egg plant, 

spinach 

ACT, IMI, 

CLO, 

TCL, 

TMX, 

DIN, NIT 

SPE-

QuEChERS 

NR HPLC-

DAD 

 

0.001-

0.012 

 

< 10 

 

83-100 

 

NR 37 [140] 

Honey ACT, IMI, 

CLO, 

TCL, 

TMX, 

DIN, NIT 

QuEChERS C18 UHPLC-

MS/MS 

 

< 0.6 

 

≤ 20 

 

80-109 

 

NR 12 [141] 

 

Tea ACT, IMI, 

CLO, 

TCL, 

TMX, 

DIN, NIT 

QuEChERS NR LC-HR-MS 

 

NR 1.6-9.8 

 

85.2-116 

 

NR 18.30 [142] 

SPE- Solid phase extraction, MSPE- Magnetic solid phase extraction, DSPE- Dispersive solid phase extraction, MSPD- Matrix solid-phase 

dispersion, M-µ-SPE- Magmatic µ-solid phase extraction, MP-POP- Magnetic porphyrin-based porous organic polymer, Rut-MOP- Magnetic 

porous organic polymer, MGO/MIL- Magnetic nanocomposite composed of graphene oxide metal-organic framework, TAPA-BPDA-COFs- tris(4-
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aminophenyl)amine (TAPA) and 4,4'-biphenyldicarboxaldehyde (BPDA) covalent organic framework, C18- SPE cartridges, Fe3O4@COF-(NO2)2- 

Iron oxide functionalized with covalent organic framework containing the nitro group, CH3NH-G- Methylamine modified graphene, Co-MNPC- 

Cobalt factionalized magnetic nanoporous carbon, Fe3O4/ZIF-67/GO- Iron oxide zeolitic imidazolate framework 67/graphene oxide, Fe3O4@SiO2-

G- Graphene grafted silica-coated Fe3O4, MIP- Molecular imprinted polymer, MOF-UiO66- Metal-organic framework UiO-66, MOPC-ZSM-5-  

Magnetic ordered porous carbon synthesized using zeolite ZSM-5, MIL-101(Cr)@DES-GO- MIL-101(Cr) metal–organic frameworks based on 

deep eutectic solvent, HPLC-UV- High-performance liquid chromatography ultra-violet spectroscopy, HPLC-DAD- High performance liquid 

chromatography diode array detector, LC-MSMS- Liquid chromatography tandem mass spectrometry, HPLC-MS- High performance liquid 

chromatography mass spectrometry, HPLC-MSMS- High performance liquid chromatography tandem mass spectrometry, UPLC-MSMS- Ultra 

Performance Liquid Chromatography-Tandem Mass Spectrometry,   QuEChERS- Quick, Easy, Cheap, Effective, Rugged and Safe, dSPE- 

Dispersive solid phase extraction, DES- Deep eutectic solvent, DLLME- Dispersive liquid-liquid microextraction, UHPLC-MS/MS- Ultra high-

performance liquid chromatography tandem mass spectrometry, LC-HR-MS- Liquid chromatography high resolution mass spectrometry, GC-

MS- Gas chromatography mass spectrometry, LC/DAD/ESI/MS- Liquid chromatography diode array detector electrospray ionization mass 

spectrometry, Nanoflow LC/ESI Q-Orbitrap-MS- Liquid chromatography quadrupole-Orbitrap mass spectrometry, UHPLC-QToF-MS- Ultra 

high-performance liquid chromatography quadrupole time-of-flight mass spectrometry 



2.1.3 Optimization of the influential parameters of sample preparation methods 

Method optimization is one of the most crucial steps for sample preparation. 

These must be investigated to monitor how the certain parameters suite the sample 

matrix and the analytes studied. Different parameters like pH, concentration, 

temperature, extraction time, sample mass/volume, eluting solvent, extracting solvent 

and its volume, among others have been investigated either by univariate or 

multivariate approach. The design of experiment (DoE) utilised for screening and 

optimization using the mathematical tools. The two optimization routes have been 

utilised and reported by different researchers over the years. The general overview of 

experimental design is shown on Figure 2.6 [143]. 

 

Figure 2. 6: Principles of design of experiment. 
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2.2.3.1. Univariate optimization 

The univariate optimization follows a route of studying one parameter at a time. 

The univariate approach, which necessitates a large number of tests and, as a result, 

increases waste production and running costs [144]. By repeatedly assessing various 

values of the variable, this approach aims to maximise or minimise an objective 

function until an optimal value is attained. The advantages associated with this 

approach are computational efficiency, simple and ease of interpretation [87]. 

However, the approach suffers limitations like having a limited scope, wherein it 

overlooks interactions between many factors that could have a substantial impact on 

one another's behaviour. These constraint limit its relevance in real-life situations with 

interdependent variables [145]. 

2.2.3.2. Multivariate optimization 

The multivariate optimization follows a route of studying multiple parameters at 

a time. The multiple parameters can start from two to five or more. This method 

provides a number of benefits, including thorough analysis, enhanced efficiency, and 

accurate model simulations [146]. The limitations associated with the multivariate 

approach are interpretation challenges and interpretability challenges. The results of 

multivariable optimisations may be difficult to comprehend owing to the complex 

interactions between the several parameters [147]. Different mathematical models like 

JMP, MATLAB, MINITAB, Statistica, and Stat graphics, Stat-Ease Design-Expert, 

MODDE, Design-Expert, Fusion Pro are used for design of experiments (DoE) for both 

univariate and multivariate optimization [52]. 

2.2.3.2.1. Screening (1st order)  

To determine which factors and interactions have a substantial impact on the 

outcomes, the screening process entails examining all pertinent experimental factors 

that could affect the response or responses. Full factorial, Plackett-Burman, fractional 

factorial, and D-optimal screening designs are the most reported [148].  

2.2.3.2.2. Further optimization (2nd order)  

To determine the factor settings that produce the best values for optimized 

parameters, the most significant factors found throughout the screening process are 

optimized. Additionally, an examination is conducted into the type of connection that 
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exists between the factors and the measured responses [149]. Different designs of 

response surface methodology (RSM) are followed which include Box-Behnken, 

Central composite design (CCD), D-optimal design,  face-cantered composite design 

(CCF), circumscribed central composite (CCC) and Doehlert designs [150]. During 

technique validation, robustness testing is done to demonstrate lack of substantial 

effect. 

2.2.3.2.3. Overview summary of sample preparation methods 

A wide range of miniaturized methods of LLE and SPE have been developed, 

applied and reported. Their performance has shown to have improved and promising. 

Their precision, accuracy, sensitivity and efficiency has improved. 

2.2.4.1. LLE vs SPE and their miniaturized methods over 10-year period. 

From Figure 2.7 shown gives a brief overview on the reported sample 

preparation methods that have been adopted for determination of these NEOs in a 

wide variety of sample matrices. The most reported methods here were LLE and 

SPE. There has been an exponential increase in studies conducted over the years 

range of 2010 till 2024. For SPE, different adsorbents have been developed and 

functionalized for them to be compatible to the type of analytes studied and the 

matrices of interest. In 2020, it has shown that LLE have been favoured more over 

SPE, and this can be attributed to researchers moving towards the use of 

environmentally friendly DES that have also been “greener solvents”. A wide range 

of these DES have been synthesised and applied in different matrices. A recent 

review by Feng et al. (2024) has a detailed extensive study about these DES studies 

that have been conducted over the years [151]. However, alternatively, with SPE the 

MSPE have played a significant role in keeping the SPE on the poll of being utilised 

due to its simplicity with separation by using the magnetic field. Additionally, the use 

of mesoporous adsorbents and other wide range of novel adsorbents has gained the 

SPE a recognition and continuous utilisation. In overall, the other methods have not 

gained much of the interest over the years due to their undeveloped and 

unfriendliness of the methods that requires large organic solvents, the cost 

effectiveness of the method and their requirement of trained personnel for operation. 

However, their limitation includes the high temperatures and longer hours involved 

during their synthesis. 
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This review was complied with the studies that have been done from 2013 until 

2024. The data below will be showing the statistics for the sample preparation, 

preconcentration and clean up methods that have been adopted for the determination 

of these pesticides in different food samples over the years. 

 

Figure 2. 7: Studies reported on sample preparation methods from 2013 till 2024. 

 

2.2.3.1 Univariate vs multivariate 

The univariate and multivariate optimization have been utilised for over the 

years by researchers for different sample preparation methods. Due to the limitations 

of univariate optimization, the multivariate optimization has been favoured over the 

years. However, it is worth to note that some researchers still utilise the univariate 

approach for investigation of the sample volume, sample mass, type of eluting solvent, 

type of extractant solvent, type of dispersive solvent. Alternatively, the two approaches 

are being used simultaneously while the multivariate is utilised for design of 

experiment. The multivariate optimization preference by many reports was due to its 

additional advantages of investigation of the different parameters at the same time 

adding to time efficiency and cost effectiveness of this approach. 

2.2.3.2 Chromatographic determination of NEOs over the 10 years 

A sample preparation method is the initial step which prepares and 

preconcentrate the analytes before their quantification. Several chromatographic 

detection techniques have been reported for analysis of pesticides. These include 
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the HPLC, LC-MS and GC-MS among others. Different detectors have been coupled 

with these instruments to suit the analytes nature and for better detection [152]. Since 

neonicotinoid pesticides are poorly volatile with high polarity and thermolability, the 

HPLC have been a preferred technique for analysis of NEOs [24]. Furthermore, the 

use of HPLC coupled with different detectors such as fluorescence (FLD), diode array 

detector (DAD), triple quadrupole tandem mass spectrometry (MS/MS), ultraviolet 

(UV) and mass spectrometry (MS) have been reported in many studies [31]. 

However, the DAD and MS/MS have been among the most applied and reported 

detection techniques [153]. These two most preferred detectors have several 

advantages; DAD provides low cost and high availability wherein the advantages of 

MS/MS is the identification and confirmation of the target analyte(s) [154]. Few 

studies have used gas chromatography (GC) to detect neonicotinoid insecticides 

because of their high polarity and poor volatility, which prevents them from being 

directly recognised [102]. High-performance liquid chromatography (HPLC) is 

typically used to determine these compounds using a variety of detection techniques, 

such as ultraviolet, diode array detection, thermal lens spectrometry, mass 

spectrometry, and fluorescence [155]. Some alternative techniques, including LC-MS 

and LCMS/MS, which are used to determine these analytes, are not widely 

accessible in typical analytical laboratories and are expensive [102]. However, due 

to the extremely low concentration of NEOs in the complex matrices, direct 

instrumental analysis of neonicotinoids is typically not achievable, indicating the need 

for a sample preparation step [156]. 

This literature review was compiled on the studies that have been done from 

2010 until 2024. The data below will be showing the statistics for both the 

chromatographic methods and their detectors that have been adopted for the 

determination of these pesticides in different food samples over the years. The 

extensive studies have been reported on Table 2.2 and 2.3. Figure 2.8 have shown 

that the HPLC chromatographic method have been more preferred over the others 

coupled with a DAD since the statistics in Figure 2.9 also reports that the DAD 

detector has been preferred over the other detectors, wherein these is due to the 

instrument’s compatibility to these NEO pesticides. The NEOs physical and chemical 

properties has enabled them to be compatible with other chromatographic methods, 

especially with the LC. NEOs poor volatility, high polarity and thermolability have 
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greatly influenced their incompatibility to be analysed using the GC instrument, 

respectively. The LC chromatographic method have been the second most preferred 

method. This instrument is not easily available in most laboratory due to its cost 

effectiveness and an extensive operation by trained personnel hence it is not found 

in most common laboratories. In most cases it is coupled with MS or MS/MS detectors 

hence Figure 2.9 have presented a higher percentage of the use of those detectors 

over the others over the years. 

However, all the influential parameters affecting the reported sample 

preparation methods were optimised to get the optimum efficiency.  

 

Figure 2. 8: Reported detection techniques from 2013 until 2024. 
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Figure 2. 9: Different detectors preferred over the years (2013 - 2024) 

 

2.3 Conclusion 

From the reported studies in literature and to the best of our knowledge the 

most used quantification technique for determination of the neonicotinoid pesticides 

was found to be the HPLC. Since these neonicotinoids are poorly volatile with high 

polarity, the use of the HPLC instrument is more relevant because it allows 

determination of low-volatile and thermolabile compounds. A variety of packings and 

bonded phases as well as eluents and their combinations make this technique very 

useful in analysis of food contaminants. The HPLC also perform in an increased speed 

compared to other chromatography methods improving its efficiency for routine 

sample analysis. However, the performance of the HPLC is also influenced by the type 

of detector it is coupled with. The review was compiled using the reported data from 

2013 to 2024. The most reported neonicotinoid pesticides that are most found in 

different samples were found to be Acetamiprid, Imidacloprid, Thiamethoxam and 

Thiacloprid. These pesticides make about 88% of the neonicotinoid pesticides found 

in different samples according to the reports on different articles. Common reported 

sample preparation methods for determination of neonicotinoid pesticides ranking 

them from the most method reported to less QuEChERS, LPME and SPME. 
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QuEChERS, which is a sample preparation method towards multiple pesticide residue 

analysis, for extraction and clean purposes. QuEChERS has been preferred over the 

other sample preparation methods based on the following advantages: minimum the 

usage of chemical solvents (environmentally friendly), non-labour-intensive process 

(only a few simple steps), produce high recovery rate, have high precision and 

accuracy and no chlorinated solvents included covering a wide range of pesticides. 

QuEChERS has proved to give high recovery rate, and low coefficient of variation in 

HPLC analysis. Solid phase microextraction (SPME) and liquid phase microextraction 

(LPME) are the two categories of microextraction techniques that have been 

developed. LPME originated with the use of a drop of extraction solvent and is based 

on the use of very small volumes (at the microliter level) of solvent. Sampling, 

extraction, concentration, and sample introduction are all combined into one solvent-

free step using SPME. While eliminating and/or reducing the amount of organic 

solvents consumed, SPME and LPME are often labour-intensive procedures. 

Moreover, it is worth noting that the techniques and methods reported did not 

address the principle of green chemistry in their studies. For this study, the greener 

methods were developed that made use of agricultural wastes and making use of 

greener environmentally friendly solvents that are easy are prepare. The methods that 

are developed on this study are in microextraction, influencing the micro level volumes 

used for this study which contributes to the cost effectiveness of the methods. The use 

of activated carbon as the support material for the magnetic solid phase 

microextraction preconcentration method was due to its high surface area that will 

enhance the adsorption process. The magnetic solid phase microextraction (MSPME) 

method used a magnetic adsorbent that was easy to separate using the magnetic field 

and the dispersive liquid-liquid extraction (DLLME) made use of the DES that have 

now gained recognition by many researchers due to their environmental friendliness 

and simple synthetic process. 
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CHAPTER III  

DEVELOPMENT OF THE MAGNETIC SOLID PHASE MICROEXTRACTION 

METHOD FOR THE DETERMINATION OF NEONICOTINOID PESTICIDES FROM 

VEGETABLE OILS 

ABSTRACT 

A greener sample preparation method based on magnetic solid phase 

microextraction (MSPME) was developed for the preconcentration of neonicotinoid 

pesticides (acetamiprid, imidacloprid, thiacloprid and thiamethoxam) in vegetable oil 

samples. The MSPME method used Fe3O4@Al2O3/AC nanocomposites, obtained via 

the green synthesis route, as an adsorbent. The dried lemon peel for preparation of 

lemon peel solution was used as a surfactant during the synthesis of Fe3O4 

nanocomposites, and the dried corn cobs were used to prepare activated carbon (AC) 

as support material to form Fe3O4@Al2O3/AC nanocomposite. Different 

characterisation techniques such as Fourier Transform Infrared Spectroscopy (FTIR), 

Powder X-ray diffraction analysis (PXRD), Thermogravimetric Analysis (TGA), 

Transmission electron microscopy (TEM), Ultraviolet-visible spectroscopy (UV-Vis), 

and scanning electron microscope and energy-dispersive X-ray spectroscopy (SEM-

EDS) confirmed the synthesised magnetic nanocomposites. After that, the Fe3O4, 

Fe3O4@Al2O3 and Fe3O4@Al2O3/AC adsorbents were applied for extraction and 

preconcentration of NEOs in vegetable oils followed by separation and quantification 

using high-performance liquid chromatography with diode array detector (HPLC-

DAD). The performance of prepared adsorbents (Fe3O4, Fe3O4@Al2O3 and 

Fe3O4@Al2O3/AC) was compared for the preconcentration of NEOs. The 

Fe3O4@Al2O3/AC nanocomposite produced acceptable extraction efficiencies (56-

119%) and was used for further studies. The most influential parameters affecting the 

MSPME of NEOs were examined using a multivariate optimisation approach. The 

optimal parameters obtained were extraction time (8 min), pH (13), sorbent mass (9 

mg) and eluent volume (0.5 mL). The proposed MSPME method showed high 

accuracy (80-119.21%) and precision (≤10 %) for all the investigated NEOs. 

Furthermore, the obtained limit of detection (LOD) ranged from 0.5-1.76 ng. µL-1, the 

limit of quantification (LOQ) ranged from 1.87-6.62 ng. µL-1 and satisfactory high 

preconcentration factors (73.02-407) were comparable with literature reported studies. 
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The Analytical GREEness calculator (AGREE) analysis confirmed the 0.54 greenness 

scale, implying the method is slightly greener. After that, the validated MSPME method 

was applied to real vegetable oil samples (avocado, canola, olive and sunflower), and 

fortunately, all the investigated NEOs were below LODs of the proposed 

MSPME/HPLC-DAD methods.  

Keywords: Neonicotinoid pesticides; vegetable oils; magnetic solid phase 

microextraction (MSPME); HPLC-DAD; AGREE; Fe3O4@Al2O3/AC; preconcentration. 

3.1 Background 

Food safety and security are concerns for different organisations in different 

countries. The agricultural sector uses pesticides for pest control, controlling growth, 

and reproduction enhancement [1]. However, these pesticides end up accumulating 

in the crops, soil and groundwater. This study is focusing on NEOs are a group of 

pesticides, specifically the selected four, which are acetamiprid (ACT), imidacloprid 

(IMI), thiacloprid (TCL) and thiamethoxam (TMX). These pesticides will be assessed 

in various vegetable oils. Vegetable oils form part of daily diet requirements in many 

households. It is worth noting that vegetable oils have nutritional value to human lives 

and economic benefits for farmers in the market [2]. Contamination of oil crops with 

these NEOs has poses serious health problems. The possible health problems 

associated with exposure to NEOs through consumption of contaminated vegetable 

oils  are cancer, birth defects and chronic pulmonary disease among others [3]. Due 

to the toxicity of these NEOs in oil crops, different countries have set the maximum 

residue limits (MRLs) [4]. The Codex Alimentarius Commission, the European Union, 

and the World Health Organization have set the MRLs at less than 0.5 mg.kg-1 in 

Japan, US and China [5]. Due to the reasons aforementioned, researchers embarked 

on a journey of detecting and monitoring these organic pollutants in different food and 

environmental samples to ensure humans, animals and environmental health.  

Different chromatographic methods have been used for the detection of these 

NEOs compounds, and these include liquid chromatography (LC), gas 

chromatography (GC) and high-performance liquid chromatography (HPLC) [6]. The 

nature of the NEOs (poorly volatile, high polarity and thermolability) has made them 

incompatible for detection with GC [7]. The most reported detection techniques are 

LC’s techniques, which are favoured more due to their availability in many laboratories 
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and ease of operation [8]. These chromatographic techniques are coupled with 

different detectors, which include mass spectrometry (MS), triple quadrupole tandem 

mass spectrometry (MS/MS), diode array detector (DAD), fluorescence detector (FLD) 

and ultraviolet (UV) [9]. Among the detectors, the DAD and MS/MS have been among 

the most reported detection techniques [10]. The two most preferred detectors have 

advantages; with DAD, its advantage is its low cost and high availability wherein the 

advantages of MS/MS are the identification and confirmation of the analytes [11]. 

Furthermore, the nature of different sample matrices is not compatible for the direct 

detection of these NEOs on the chromatographic instrument [12]. Since the 

chromatography instrument cannot analyse raw samples for the detection of these 

trace analytes, there is a need of a high-efficient sample preparation method is 

required prior detection and analysis for the preconcentration of the analytes of interest 

and clean-up steps [13].  

Different types of sample preparation methods have been reported in literature 

like LLE (liquid-liquid extraction), DLLE (dispersive liquid-liquid extraction), cloud-point 

extraction (CPE), SPE (Solid phase extraction), MSPE (magnetic solid phase 

extraction), QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe), MSPD 

(matrix solid phase dispersion) [14][15]. The reported methods suffer from different 

limitations, including using a large amount of organic solvents. Additionally, these 

tedious steps can lead to cross-contamination, loss of the analytes of interest, and a 

large amount of waste [16].  

This study aimed to develop a magnetic solid phase microextraction (MSPME) 

sample preparation method using an HPLC-DAD instrument to quantify selected 

NEOs in vegetable oils. The MSPME preconcentration method was adopted because 

it uses magnetic adsorbents with high surface area and simple separation of the 

analytes. The magnetic adsorbent plays a crucial role in influencing the analytical 

performance of the method. Moreover, this preconcentration method has attracted the 

attention of many researchers because of its advantages such as robustness, 

environmental friendliness, simplicity, robustness and high enrichment factors. The 

structural, surface and morphological properties of the adsorbent material were 

characterised using various techniques such as powder X-ray diffraction (PXRD), 

transmission electron microscopy (TEM), Fourier transform infrared spectroscopy 

(FTIR), scanning electron microscope coupled to energy dispersive X-ray 
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spectroscopy (SEM-EDS),  thermogravimetric analysis (TGA), and ultraviolet-visible 

spectroscopy (UV-Vis) [17]. 

A Minitab software tool was used for the experimental design to determine the 

optimal extraction parameters of NEOs in vegetable oils. This was used for method 

development and investigation of the method performance. The use of this software 

tool for the sample preparation method has assisted with optimising different 

parameters at the same time, unlike the application of univariate methods where one 

parameter was investigated at a time [18]. Screening was done following the two-level 

full factorial design [19]. The multivariate DoE is advantageous in that it minimises the 

number of experiments which leads to methods cost effectiveness, since it provides 

optimal parameters such as extraction time, sorbent mass, desorption time and eluent 

volume at a multivariate optimization [20]. In this study, the DoE followed the full 

factorial design for experimental design, and the results were presented in Pareto 

charts. In contrast, response surface methodology (RSM) following the central 

composite design (CCD) had its results shown on 3D surface plots [21]. The CCD was 

selected from RSM models because it allows each independent variable to be 

investigated at five levels, that is, at two-level factorial (±1), central points (0) and axis 

points (±α) [22]. 

3.2 Experimental procedure 

3.2.1. Reagents, materials, and samples 

All the standards, solvents and reagents were purchased from Merck South 

Africa. Organic standards for neonicotinoid pesticides acetamiprid, imidacloprid, 

thiacloprid, and thiamethoxam purchased were of analytical grade. 

Iron(iii)acetylacetonate, dibenzyl ether, 2-propanol, light petroleum ether, sulphuric 

acid (H2SO4), hydrochloric acid (HCl), sodium hydroxide (NaOH) solution, deionised 

water, MilliQ water, acetonitrile (ACN) High performance liquid chromatography grade, 

oleic acid, lemon peel solution, aluminium isopropoxide, ethanol, formic acid, PVDF 

micro filters.  

The corn cobs were collected from Limpopo province in Vuwani village Ha-

Mangilasi during the summer season in December. The lemons were purchased from 

local supermarkets in South Africa, Johannesburg, Florida Park. Different vegetable 



97 
 

oils (avocado, canola, olive, and sunflower oil) were purchased from local 

supermarkets in Florida Park, Johannesburg, South Africa. 

3.2.2. High performance liquid chromatography coupled with 

diode array detector (HPLC-DAD) instrumentation. 

A Hewlett-Packard 1090 II liquid chromatograph equipped with a DAD Agilent 

1260 Infinity high-pressure liquid chromatography (HPLC) system procured from 

Agilent Technologies (Waldbronn, Germany) was used for separation and 

determination of NEOs analytes of interest. The chromatographic system consisted of 

a degasser unit, binary pump, autosampler, auto-injector and thermostatic column 

compartment. The chromatographic column that was kept at 30 °C was Waters 

Xterra® C18 3.5 µm 4.6 × 150 mm column obtained from Waters Corporation (Milford, 

MA, United States). The chromatographic separation was achieved under gradient 

elution. The chromatograms were recorded at 255 nm and 260 nm for acetamiprid, 

imidacloprid, thiacloprid and thiamethoxam. Two mobile phases were prepared. 

Mobile phase A comprised 0.1 % formic acid (FA) in ultrapure water. In comparison, 

mobile phase B was 100 % acetonitrile using a gradient elution system at a flow rate 

of 1.0 mL.min-1  and injection volume of 10 µL. Gradient elution setup was at the 

following time intervals with the amount of solvent in percentage (%): 0 min 65 % A:35 

% B, 2 min 75 % A:25 % B, 2:50 min 55 % A:45 %B and lastly at 4:30 min 65 % A:35 

% B [23]. 

3.2.3. Preparation calibration standards 

The standard mix solution of all four different NEOs was prepared in acetonitrile 

on a 10 mL volumetric flask and stored in a refrigerator at 4 oC for future use. Different 

calibration standards were also prepared at ten concentrations (8-1000 ng.L-1). The 

peak at 2.11 min is thiamethoxam, at 2.3 min is acetamiprid, at 2.43 min is 

imidacloprid, and at 3.1 min is thiacloprid. Preparation was done with slight 

modifications to suit the instrument and the type of analytes [24]. 

3.2.4. Cleaning of glassware 

All the glassware (beakers, volumetric flask, conical flask, measuring cylinder, 

sample vials) were washed with soap and water, rinsed with MilliQ water and dried in 

the oven at 100 oC for an hour. After each experimental use, the glassware was 



98 
 

washed with water and soap, rinsed with MilliQ water and soaked in acetone bath. 

After soaking for overnight, they were then dried in the oven at 80 oC for 30 min. 

3.3  Synthesis of magnetic nanocomposite (Fe3O4, Fe3O4@Al2O3, 

Fe3O4@Al2O3/AC, AC) 

 

3.3.1. Magnetite (Fe3O4) 

The lemons used for this step were purchased from a local supermarket, 

peeled, and sundried for five days. Once dried, the lemon peel was washed off dust 

and impurities with deionised water at several washes until the water was clear and 

free of macroscopic impurities. Moreover, the lemon peel was again dried in the oven 

overnight at 60 °C prior use to prepare the lemon peel solution. Furthermore, about 50 

g of dried lemon peel was used to prepare the solution extract by adding 600 mL of 

distilled water in a 1000 mL beaker. The mixture was allowed to heat up to boil and 

removed from a heating mantle after 15 min of boiling. After removal from a heating 

mantle, the solution was allowed to cool to room temperature before filtering under 

vacuum. A lime yellow colour solution was obtained. The filtered solution was stored 

in a closed glass bottle and stored in the refrigerator at 4 oC for further use [25] [26]. 

The Fe3O4 nanoparticles were synthesised by thermal decomposition at a 

higher temperature of 250 oC. The prepared lemon peel solution was used in place of 

some organic solvents. A 5 g of iron(iii)acetylacetonate was weighed and added in a 

round neck bottomed flask with 50 mL of dibenzyl ether, 10 mL oleic acid and 8 mL of 

lemon peel solution. The reaction was conducted under inert refluxing with N2 gas for 

an hour under vigorous stirring at 250 oC in silicone bath oil. After an hour, the reaction 

was allowed to cool to room temperature. 

Furthermore, after the reaction had cooled a magnetic field was introduced on 

the round-bottomed flask to separate the synthesised Fe3O4 from the rest of the 

solution and the solution was discarded. The remaining iron oxide was rinsed in 

triplicate with 2-propanol: light petroleum ether (1:1 v/v) to eliminate any unreacted 

compounds. After rinsing, the black synthesised Fe3O4 was allowed to dry in the oven 

at 80 oC for 3 hrs. After it has dried out the black Fe3O4 was stored in the sample vial 

for further use [27]. 
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3.3.2. Fe3O4@Al2O3 nanocomposite. 

The previously synthesised Fe3O4 was used here. This was achieved by 

dissolving a 1 g of aluminium isopropoxide into 100 mL of ethanol in 250 mL beaker 

at room temperature. A 0.8 g of Fe3O4 magnetic nanoparticles was mixed with a 

solution of aluminium isopropoxide and the mixture was ultrasonicated for 1 hr at room 

temperature. A solution mixture of water and ethanol (1:5 v/v) was added dropwise 

during ultrasonication. After an hour of ultrasonicating the mixture was allowed to sit 

and settle at room temperature and a magnetic field was introduced to separate the 

Fe3O4@Al2O3 from the solution that was discarded. The Fe3O4@Al2O3 was rinsed off 

with 50ml of ethanol to eliminate any unreacted compounds in triplicate washes [28]. 

The obtained brown Fe3O4@Al2O3 was dried in the oven for overnight at 105 oC and 

later stored in the sample vial for further use. From this step, the aluminium 

isopropoxide was used as a precursor of dispersal of the Fe3O4 since they suffered 

from agglomeration. 

3.3.3. Fe3O4@Al2O3/AC nanocomposites 

Step 1: Preparation of the AC material 

An amount of 10 g prepared corn cob powder was weighed and added in a 

beaker. A 60 mL of concentrated sulfuric acid (H2SO4) was added to activate the corn 

cob powder. Immediately after adding H2SO4 in corn cob powder, it turned black. The 

activation was allowed to occur for 24 hrs in a fumehood. After 24 hrs the mixture was 

washed several times with a 2:1 (v/v) water and sodium hydroxide ratio until a neutral 

pH was reached. Additionally, after the wash the corn cobs were subjected to thermal 

activation in the furnace at 500 oC with a heat flow of 25 oC per minute for 2 hrs in the 

presence of air. After 2 hrs of thermal activation, the AC were taken out of the furnace 

and allowed to cool to room temperature. After cooling to room temperature, the 

activated carbon (AC) was stored in an airtight sample vial for future use [29]. The 

Fe3O4 suffers from agglomeration, hence AC was used as a support material to assist 

with further dispersal of the Fe3O4 nanoparticles adding to an increase in pore size and 

surface area for adsorption of the NEO analytes on its surface during preconcentration 

and extraction. 
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Step 2: Preparation of the Fe3O4@Al2O3 material 

The Fe3O4@Al2O3 complex was further supported with AC. Weighed mass of 

0.7 g Fe3O4@Al2O3 was mixed with 0.6 g AC in a beaker with 10 mL of distilled water 

and stirred for 1 hr. After an hour of stirring the mixture was ultrasonicated for 30 min 

at room temperature. The mixture was activated in a furnace at 110 oC for 2 hrs [30]. 

After 2 hrs the nanocomposite (Fe3O4@Al2O3/AC) were allowed to cool at room 

temperature and stored in a vial for future use [31].  

3.4  Characterisation of the magnetic nanocomposites. 

Different characterisation techniques were employed to study the chemical s 

composition and morphology of the synthesised magnetic nanocomposites materials 

(Fe3O4, Fe3O4@Al2O3, Fe3O4@Al2O3/AC and AC). These techniques include Fourier 

transform infrared spectrometry (FTIR), Powdered X-ray diffraction (PXRD), Scanning 

electron microscope coupled to energy dispersive X-ray spectroscopy (SEM-EDS), 

Thermogravimetric analysis (TGA), Transmission electron microscopy (TEM), and 

Ultraviolet visible spectroscopy (UV-Vis). The detailed function of each 

characterisation technique will be well discussed from each section. 

3.4.1. Fourier transform infrared spectrometry (FTIR) 

The FTIR was used to study the chemical composition of the nanocomposites. 

Fourier transform infrared (FTIR) spectrometer (Vertex 70 model, Bruker Optic GmbH, 

Hamburg, Germany). The magnetic nanocomposite along with the AC were analysed 

at a wavenumber range from 400-4000 cm-1.  

3.4.2. Powdered X-ray diffraction (PXRD) 

Studies the nanocomposites' crystallinity, particle sizes and amorphous nature. 

The PXRD determines the crystalline and amorphous phase of the compound surface. 

Powdered X-ray diffraction X'Pert Phillips) with CuKα radiation (0.1540 nm) 

polychromator beam in the 2θ scan range 20-800. 

3.4.3. Ultraviolet visible spectroscopy (UV-Vis) 

Measures the amount of ultraviolet (UV) and visible light that is absorbed by 

nanocomposites. Perkin Elmer UV–Vis spectrometer. Shimadzu UV1800 
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spectrophotometer (RF-5301PC, Shimadzu), connected with a light source of 150 W 

Xenon lamp was used to confirm the UV-spectra of the synthesised nanoparticle. 

3.4.4. Transmission electron microscopy (TEM) 

Studies the internal morphologies and particles sizes of the nanocomposites. 

Before analysis, a small amount of the sample was prepared in a certain volume of 

MeOH and they were ultrasonicated for 20 min. additionally they were prepared on 

copper grid and allowed to dry before analysis. Instrument model used was JEOL 

JEM-2100F transmission electron microscope instrument (TEM, JOEL Ltd., Tokyo, 

Japan). The latter was operated at 200 kV and was equipped with LaB6 source and 

charge coupled device (CCD) digital camera.  

3.4.5. Scanning electron microscope coupled to energy dispersive X-ray 
spectroscopy (SEM-EDS) 

Explores the external morphological features of the nanocomposites EDS 

shows the elemental composition of the nanocomposite. SEM image analysis was 

carried out on a JEOL JSM 7800F field emission scanning electron microscope run at 

5 kV using secondary electron detector (SED) and energy dispersive spectroscopy 

(EDS). 

3.4.6. Thermogravimetric analysis (TGA) 

Measures the thermal stability of the nanocomposites. TGA Q500 

thermogravimetric analyser (TA Instruments, New Castle, DE, USA). The conditions 

were at a temperature from 30-1000 oC with a segment increase of 25 oC in every 10 

min. the nitrogen gas purge was 100 mL/min. 

3.5 Optimization  

Method development is crucial with optimization of some of the influential 

parameters. This was done to suit the type of analytes, the type of matrix and the type 

of adsorbent. 

3.5.1. Univariate optimization 

The univariate optimization was done to study the performance of sample 

volume, solvent type and type of adsorbent. The optimization followed the general 

procedure in Figure 3.1. The univariate approach makes use of the optimization of 

one parameter at a time and is thus tedious [23]. 
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3.5.1.1. Effect of sample volume 

The volume of the sample solution is one of the most crucial parameters 

influencing both the extraction efficiency and method sensitivity. The sample volume 

investigated for the vegetable oils were 1 mL, 5 mL, 10 mL and 20 mL. The eluent type 

was also a key factor for the preconcentration of these analytes. Methanol and 

acetonitrile were the two eluting solvents investigated on this study. The two 

parameters, sample volume and eluent type, were investigated before experimental 

design. This was to help identify the best volume to suit the method and the best eluent 

type to be used for the desorption of the analytes from the adsorbent. Figure 3.1 

shows that different sample volumes were measured on a 50 mL centrifuge tube. The 

pH used was neutral with an adsorbent mass of 60 mg, spiking with a known 

concentration, and then vortexed for 5 min. After, 5 min, a magnetic field was 

introduced for simple separation of the adsorbent with adsorbed analytes and the 

supernatant was discarded. The analytes were desorbed by 1 mL of ACN and 

vortexed again for 2 min. Additionally, the eluent was filtered using PVDF micro filters 

of 0.45 µm to the amber glass vial and the samples were taken for analysis by HPLC-

DAD instrument. The results were collected and reported in Figure 3.7. The adsorbent 

was ultrasonicated with the solution of ethanol and aluminum isopropoxide followed 

by being supported with activated carbon through ultrasonication with distilled water. 

The adsorbent was then dried in the oven for overnight and stored in a closed vial for 

further use. There was no conditioning done prior use for the preconcentration 

process.    

3.5.1.2. Effect of solvent type 

A 5 mL sample volume was used with 60 mg adsorbent, pH at neutral, spiked 

and vortexed for 5 min. After 5 min of extraction, a magnet was introduced for simple 

separation of the adsorbent and the supernatant was discarded. Elution was done 

using 1 mL ACN and MeOH then vortexed for 2 min. Lastly, the eluent was filtered 

using PVDF micro filters of 0.45 µm into an amber glass and taken for analysis in 

HPLC-DAD. The results were reported in Figure 3.7. 
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3.5.1.3. Extraction efficiency of the adsorbent (Fe3O4, Fe3O4@Al2O3 and 
Fe3O4@Al2O3/AC) 

This was done following the procedure from Figure 3.1, where a 60 mg of 

adsorbent nanocomposite materials were used with 5 mL sample volume, 5 min 

extraction time, 1 mL of ACN and 2 min desorption time. The results were reported in 

Figure 3.8. 

3.5.2. Multivariate optimization  

The purpose of using a multivariate strategy is to optimize multiple parameters 

simultaneously while decreasing the number of experiments performed and providing 

quantitative data for significant and insignificant parameters of the independent 

variables and their interactions. This helped to avoid having to optimise each 

parameter at a time while the other parameters were kept constant. 

3.5.2.1. Full factorial design (FFD) 

The parameters were screened following the chemometric tool for multivariate 

optimization approach from DoE following the two-level full factorial design (FFD). The 

FFD generated 16 experiments and the table of design of these experiments is shown 

on Appendix TS1. The parameters investigated were sorbent mass, extraction time, 

eluent volume and pH. Figure 3.1 represents the general procedure followed. The 

significant parameters were reported in Pareto charts shown in Figure 3.10. Table 3.1 

shows the parameters used during screening. 

Table 3. 1: FFD parameters 

Parameters Low (-) High (+) 

Time (min) 2 8 

pH 3 11 

Sorbent mass (mg) 20 90 

Eluent vol (ml) 0.5 1 

 

3.5.2.2. Response surface methodology (RSM) 

For further optimization of the most influential parameters (sorbent mass, pH 

and eluent volume) generated from FFD in the Pareto chart, RSM was used for DoE 

using central composite design (CCD). A total of 20 experiments were designed and 
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done in triplicates and design of these experiments is shown on Appendix TS2. This 

method followed a procedure shown in Figure 3.1, and the parameters are in Table 

3.2. The performance of the parameters was reported in 3D surface plots shown in 

Figure 3.11. 

Table 3. 2: RSM parameters 

Parameters Low (-) Central point High (+) 

pH 1.2 7 13 

Eluent vol (ml) 0.3 0.75 1.17 

Sorbent mass (mg) 3.86 55 113.86 

 

3.6 Magnetic solid phase microextraction (MSPME) procedure  

Figure 3.1 is a visual representation of the MSPME method followed for this 

study. A 5 mL of vegetable oil sample was used for these experiments with other 

parameters like sorbent mass, eluting volume, pH and time. The choice of the eluting 

volume was entirely dependent on advantages like environmentally friendliness and 

non-toxicity on humans and the environment. The use of spiking with an organic 

standard was done due to the absence of the reference certified material for validation 

study of the method. The advantage of this method is the simple separation that is 

achieved by the introducing of the magnetic field for separating the magnetic 

adsorbents with analytes of interest.  

A 5ml sample was added in a 50 mL centrifuge tube. After addition of the 

vegetable oil the pH was adjusted to either basic or acidic using 0.1 M NaOH and 0.1 

M HCl. Furthermore, an addition of the spiking analyte was done and vortexed for 8 

min. After 8 min of vortex, a magnet was introduced to separate the adsorbents with 

the analyte and the remaining solution was discarded. An eluting solvent of acetonitrile 

was added to the separated adsorbent in the centrifuge tube and further vortexed for 

2 min to desorb the analytes. Then the eluent was transferred into a syringe capped 

with a PVDF microfilter, filtered in a vial. After the vial was closed and taken for 

analysis at the HPLC-DAD [23]. The separated adsorbent was washed several times 

with ethanol and dried in the oven for 2 hrs and stored in sample vial for reusability. 
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Figure 3. 1: Schematic diagram of magnetic solid phase microextraction procedure 
[23].  

3.7 Method validation 

The MSPME was validated through investigating the analytical figure of merits 

such as precision (% RSD), accuracy (% R), limit of detection (LOD), limit of 

quantification (LOQ), matrix effects (ME) and preconcentration factor (PF). Equations 

(3.1-3.8) were used for calculation of figure of merits. The relative standard deviation 

(RSD) measures the precision of the average of your results [32]. The accuracy also 

known as extraction recovery (% R) refers proportion of the known amount of an 

analyte carried through the sample extraction and processing phases of the procedure 

that represents the extraction efficiency of an analytical process [33]. Limit of detection 

(LOD) the lowest concentration that the technique is capable of detecting [34]. Limit of 

quantification (LOQ) is the lowest concentration at which the analyte may be 

accurately identified while also meeting certain predetermined standards for bias and 

imprecision [35]. Matrix effects (ME) the co-eluting compound's promoting or 

suppressing abilities from the sample analytes [36]. Preconcentration factor (PF) 

refers to the ratio between final concentration and known concentration [37]. 
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3.7.1. Equations for figure of merits  

Limit of detection (LOD) [38] 

 𝑳𝑶𝑫 =
3 𝑥 [𝐶𝑜𝑛𝑐]

𝑆/𝑁
   

equation 3. 1 

 

Limit of quantification (LOQ) [39] 

 𝑳𝑶𝑸 =
10 𝑥 [𝐶𝑜𝑛𝑐]

𝑆/𝑁
 

equation 3. 2 

 

Percentage relative standard deviation (%RSD) [40] 

%RSD =  
𝑆𝐷

𝑀𝑒𝑎𝑛
 𝑥 100 

equation 3. 3 

 

Standard deviation [41] 

σ=√∑ (𝑥𝑖−x)2 )𝑁
𝑖=1

𝑁−1
 

equation 3. 4 

 

Mean average [42] 

𝑥̅ =  
𝑥1+ 𝑥2+ ……………… 𝑥𝑛

𝑛
 

equation 3. 5 

 

 

Extraction recoveries[43] 

%𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑉𝑓 ×  𝐶𝑓

𝑉𝑖 × 𝐶𝑖
 × 100 

equation 3. 6 

 
Matrix effects[44] 

   

ME (%)=(
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑎𝑐𝑒𝑡𝑜𝑛𝑖𝑡𝑟𝑖𝑙𝑒
− 1) × 100 equation 3. 7 
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Preconcentration factor[45] 

𝑃𝐹 =
𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐾𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
               

equation 3. 8 

 

3.8  Application of MSPME in real commercial vegetable oil samples. 

The validated method was applied in real vegetable oil samples for quality 

control and assessment of NEOs. Thus, is to check the concentration of these NEOs 

in real vegetable oil samples. 

3.9  Reusability and regeneration studies 

Once the developed method was validated and applied in real samples, the 

regeneration and reusability studies were conducted to investigate the adsorbent 

performance on extraction recoveries. This helps to examine the performance of the 

adsorbent after several runs. After each experiment, the adsorbent was washed with 

EtOH and dried for 3 hours in an oven at 110 oC before its next use. 

 

3.10 Results and discussion 

3.10.1. Characterisation of the magnetic nanocomposites 

3.10.1.1. Fourier transform infrared spectrometry (FTIR) 

Functional group of activated carbon from corn cobs have been shown on the 

spectrum in Figure 3.2 (a). The stretch at around 3600-3900 cm-1 region is accounted 

for by the presence of the -OH group, which facilitates decarboxylation reactions. This 

functional group is responsible for the chemical decomposition of cellulose during acid 

treatment. At a 1550 cm-1 region, we observe a C=C bonding. This is due to the 

presence of alkenes facilitating the lignin decomposition reaction. At 1010 cm-1 we 

observe the C-O stretch accounts for the carboxylic groups found in the corncobs' 

cellulose and hemicellulose. This leads to the glycosidic bonds' breakage, forming a 

series of less oxygen-containing compounds. At 553 cm-1 region we observe a C-H 

bending through high energy during high-temperature heating during treatment in the 

furnace, causing complete disruption of the chemical bonds. The C-H bond results 

from the aromatic group found in the corn cobs [48]. These results showed that the 

AC was successfully prepared. These results were corroborated with literature reports. 
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The carbon-carbon and carbon-oxygen functional groups from the lignin, cellulose and 

hemicellulose from the 1550 cm-1, 1010 cm-1 and at 553 cm-1 regions has confirmed 

the successful formation of the AC. 

The spectra reveal the functional groups at different wavenumbers, 

respectively. Figure 3.2 (b) Fe3O4 spectra with a broad stretch at around 3500 cm-1 

represent an -OH group from the water used to prepare the lemon peel solution used 

in synthesis step. At around 1010 cm-1, a broad peak represents the symmetric and 

antisymmetric stretching of the C-H bond of the carboxylate group. A strong peak at 

510 cm-1 represents Fe-O bond due to magnetite solid-state vibrations [46]. The 

results were corroborated to results reported in literature. 

From the representation of the spectra in Figure 3.2 (c), there is a distinctive 

observable shift of the spectra as we coat the Fe3O4 with aluminium isopropoxide to 

form Fe3O4@Al2O3. A peak at 1495 cm-1 is due to the vibrations of C-C bond from the 

benzene ring the phytochemicals found in lemon peel extract. At 498 cm-1 is a peak 

representing a Fe-O group representing the presence of Fe3O4 nanoparticles, the Al-

O stretching vibrations can also be attributed to it. The observable shift in wavelength 

confirms that Al2O3 was immobilised on the surface of the Fe3O4, respectively [47]. 

The results were corroborated with the literature reports. 

The Fe3O4@Al2O3/AC magnetic nanocomposite spectrum in Figure 3.2 (d) 

also confirmed the incorporation of the AC into the Fe3O4@Al2O3 complex formed. The 

observable shift with a C-O stretch at 1010 cm-1 accounts for the carboxylic groups 

found in the corncobs' cellulose and hemicellulose. Furthermore, the intensity of the 

bands at 600 cm-1 corresponds to the C-H bending substituted by the aromatic rings 

from the AC. Moreover, the increased absorption band of the Fe3O4@Al2O3/AC 

indicated that we managed to immobilise the AC on our Fe3O4@Al2O3 magnetic 

nanocomposite. At 498 cm-1, a Fe-O group represents a peak due to magnetite solid-

state vibrations, representing the presence of Fe3O4 nanoparticles. These results 

proved the successful synthesis of the Fe3O4@Al2O3/AC nanocomposites. The 

observable shift in wavenumber from the spectrum (a), (b) and (c) in Figure 3.2 

confirms that the aluminium and AC were successfully immobilised on Fe3O4 to form 

our Fe3O4@Al2O3/AC nanocomposite. These results were corroborated with literature 

reports, specifically for AC, Fe3O4 and Fe3O4@Al2O3.  
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Figure 3. 2: FTIR spectra for (a) AC, (b) Fe3O4, (c) Fe3O4@Al2O3 and (d) 
Fe3O4@Al2O3/AC 

 

3.10.1.2. Powdered X-ray diffraction (PXRD) 

Figure 3.3 shows the AC spectra at ~26° having few hardly observed sharp 

peaks, representing that the AC's surface is amorphous. The pattern represents a non-

crystalline structure at the diffraction peaks of the AC location around the scattering 

angle (2θ) of 19 0 and 21 0. However, from these results, the AC material has shown 

its suitability for incorporation with the magnetic adsorbent [49]. The Fe3O4@Al2O3 

diffraction peaks at 30°, 32°, 36°, 41°, 43°, 49°, 53°, 55° and 63°. In 2023, Samakosh 

et al, reported the distinctive diffraction peaks at 400 and 440 confirms the 

immobilization of aluminum isopropoxide on the Fe3O4 nanoparticle. Notably, the 

scattering angle at ~26° of the AC might be shielded by the strong peaks of the 

magnetite in Fe3O4@Al2O3/AC nanocomposite. The sharp peaks at 18°, 21°, and 35°, 

the characteristics of the inverse cubic spinel phase of Fe3O4, were observed. These 

suggest forming a crystalline Fe3O4@Al2O3/AC structure [50]. The Fe3O4@Al2O3 have 

peaks at 30°, 35.5° and diffraction peaks at 43°, 53.75°, 57° and 63° compared to the 

peaks from the Fe3O4@Al2O3/AC confirms the incorporation of the Fe3O4@Al2O3 with 

the AC to have successfully formed the magnetic nanocomposite, respectively. These 
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results were comparable with literature reports, specifically for AC, Fe3O4 and 

Fe3O4@Al2O3. The particle size for the synthesised nano composite and its fragments 

were calculated using Scherrer equation (D = Kλ/β.cosθ), wherein K is a constant 

usually equals to 1, λ is the X-ray wavelength, β is the width and θ is the diffraction 

angle [51]. The calculated particle size for AC was 76.81 nm, for Fe3O4 was 19.95 nm, 

for Fe3O4@Al2O3 was 40.73 nm, for Fe3O4@Al2O3/AC was 91.48 nm, respectively. 

Lastly, it is worth noting that there was an increase in particle size after the step of 

coating with aluminum isopropoxide and supporting with AC which confirms that the 

two were successfully immobilized on the Fe3O4 nanoparticle [52]. The AC has played 

the significant role in dispersing the Fe3O4 since it was agglomerated, and it also 

increased the surface area along with the particle size for subsequent adsorption. The 

indices confirm the crystallinity of the Fe3O4, Fe3O4@Al2O3 and Fe3O4@Al2O3/AC 

nanocomposite. The indices confirms the crystallinity of the Fe from Fe3O4, the Al from 

Fe3O4@Al2O3 and the silica from AC in Fe3O4@Al2O3/AC nanocomposite [53]. The 

PXRD measurement reported in Figure 3.3 also confirmed the presence of 

nanocrystalline magnetite phase for the iron (III) acetylacetonate which was used as 

an iron precursor during the synthesis of Fe3O4 [54]. All these results were 

corroborated with reports from literature.  

 

Figure 3. 3: PXRD spectra for the synthesised nanocomposite (a) Fe3O4@Al2O3, (b) 
Fe3O4@Al2O3/AC, (c) Fe3O4 and (d) AC. 
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3.10.1.3. Ultraviolet-visible spectroscopy (UV-Vis) 

The absorption range of the UV spectra for the Figure 3.4 (d) Fe3O4@Al2O3/AC 

wherein the highest absorption for the magnetic nanoparticles at a range of 270-550 

nm, was observed. Supporting with AC on the Fe3O4@Al2O3 has greatly impacted the 

absorption range. The UV spectrum help with determining the transitions from the 

ground state to the excited state. The UV absorption spectra of (a) AC, (b) Fe3O4, (c) 

Fe3O4@Al2O3, and (d) Fe3O4@Al2O3/AC. The latter displays the AC spectrum which 

is attributed to by the π-π transition attributed to the conjugated C=C band bonds at 

270-300 nm. The difference in the absorption intensities was slightly due to the 

difference in concentrations of the samples [30]. The spectrum shows high band 

intensities and peaks under visible spectrum. The outer electrons of the materials in 

their atomic state absorbs the radiant energy and undergoes transition to a higher 

energy level.  The energy band gap equation (Ebg = 1240/λ (eV)) was used to calculate 

the energy gap at 270-400 nm region, where Ebg is the energy band gap and λ 

represents the wavelength (270-400 nm) of the nanoparticles. The energy gap was 

calculated as 4.593-3.1 eV at 270-400 nm. These results were corroborated with 

literature reports, specifically for (a) AC, (b) Fe3O4 and (d) Fe3O4@Al2O3. 

 

Figure 3. 4: Representation of the UV results (a) AC, (b) Fe3O4, (c) Fe3O4@Al2O3, 
and (d) Fe3O4@Al2O3/AC.  
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(b) 

(c) 

(d) 
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3.10.1.4. Transmission electron microscopy (TEM) 

TEM images of nanoparticles shown in Figure 3.5. (a). They give an overall 

view on surface morphology of the synthesized nanocomposite materials. The 

particles showed a high degree of agglomeration due to dipole-dipole interaction. In 

this Figure 3.5, a micrograph, as well as the size distribution of all kinds of 

nanocomposites, is shown. The lattice fringe patterns were observed in (TEM) images, 

indicating high crystallinity of the Fe3O4. Figure 3.5. (b) has shown slight sheets of 

aluminium isopropoxide immobilised on the Fe3O4 nanoparticles' surface, which has 

attributed to the dispersion of the Fe3O4 nanoparticles with reduced agglomeration. 

The TEM image has also shown that the Fe3O4@Al2O3 is also crystalline. Figure 3.5. 

(c) represents the surface characteristics of Fe3O4@Al2O3/AC which has AC deposits 

successfully immobilised on the Fe3O4@Al2O3. This is confirmed by a good dispersion 

of the nanocomposites with a more visible spheric structure of the Fe3O4@Al2O3/AC 

nanocomposite. Figure 3.5. (d) TEM images for activated corn cob show the distinct 

microporous nature of the sample material. Moreover, in this figure, the TEM image 

shows that the Fe3O4@Al2O3/AC is crystalline. Additionally, the particle size was 

calculated using the ImageJ software tool. Fe3O4@Al2O3 followed an observable 

increase in particle size from Fe3O4 to the final Fe3O4@Al2O3/AC nanocomposite. This 

has proved to show that aluminum managed to help reduce agglomeration on Fe3O4, 

and the particle size increased to 40 nm for Fe3O4@Al2O3. The particle size for Fe3O4 

was at a range of 80 nm. The particle size for Fe3O4@Al2O3/AC was 112 nm. This 

leads to the conclusion that AC plays a significant role in dispersing the agglomerated 

Fe3O4. Additionally, it is worth noting that the AC's particle size could not be calculated 

since it appeared as cloudy sheets without distinctive particles. The crystallinity 

observed on Figure 3.5. (c) was also confirmed by the PXRD on Figure 3.3 (b). 

Furthermore, the results from Figure 3.3 (a), (b) and (c) has also confirmed the 

evolution from agglomeration observed on Figure 3.3 (a), a little dispersion observed 

from Figure 3.3 (b) wherein some distinctive particles were slightly visible to finally 

Figure 3.3 (c) wherein distinctive particles were observed. The TEM confirms the 

exponential dispersion of these nanocomposites through each step of synthesis, 

overcoming the limitation of Fe3O4 synthesis. The results indicate that the 



113 
 

Fe3O4@Al2O3/AC nanocomposite was successfully synthesised. These results were 

corroborated with literature reports, specifically for AC, Fe3O4 and Fe3O4@Al2O3. 

 

Figure 3. 5: TEM results for (a) Fe3O4 nanoparticles, (b) Fe3O4@Al2O3, (c) 
Fe3O4@Al2O3/AC and (d) AC.  

 

3.10.1.5. Scanning electron microscope coupled to energy dispersive X-ray 
spectroscopy (SEM-EDS) 

Figure 3.6 (a) the particles showed a high degree of agglomeration due to 

dipole-dipole interaction and it also shows that no large particles were produced. From 

Figure 3.6 (b), incorporating Al2O3 to Fe3O4 has caused some dispersion/ reduction 

in agglomeration of the Fe3O4 nanocomposite. The EDS elemental composition 

confirms the successful incorporation of the Al2O3 on the Fe3O4. Figure 3.6 (c) shows 

a good dispersion of the Fe3O4@Al2O3/AC nanocomposite. The larger masses and 

aggregation are more visible on this spectrum than on (b), indicating that the AC was 

successfully immobilised on the surface of Fe3O4@Al2O3 nanocomposite. Figure 3.6 

(d) represents the activated carbon (AC), and it is visible from the spectrum that there 

is a large pore size subject to a large surface area. The treatment by acid exposed the 

pores. The presence of the macropores provides an additional surface for adsorption 

on the analytes of interest. These results were corroborated with literature reports, 

specifically for AC, Fe3O4 and Fe3O4@Al2O3. 
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Figure 3. 6: SEM-EDS spectrum for (a) Fe3O4 nanoparticles, (b) Fe3O4@Al2O3, (c) 
Fe3O4@Al2O3/AC and (d) AC.  

 

3.10.1.6. Thermogravimetric analysis (TGA) 

Measures the thermal stability of materials. TGA Q500 thermogravimetric 

analyser (TA Instruments, New Castle, DE, USA). The degradation occurring at 

Figure 3.7 (a) Fe3O4 at 150 ºC showing the weight loss is due to the removal of water 

and hydroxyl decomposition of the magnetic Fe3O4 surface [55]. The Fe3O4 has shown 

to be more stable compared to the rest of the fragments used for forming the magnetic 

nanocomposites. From Figure 3.7 (b) we observe two weight loss which is due to the 

loss of water from the Fe3O4 at 200-600 ºC and Al2O3 layer at 150 ºC [56]. The 

Fe3O4@Al2O3/AC nanocomposite on Figure 3.7 (c) has shown two degradations at 

150 ºC and 250-560 ºC which is due to loss of water from the Fe3O4, Al2O3 and AC. 

The degradation at higher temperatures of 250-560 ºC is attributed to by the lignin on 

the surface of the AC. From Figure 3.7 (d) initial degradation from 100-200 ºC is 

characteristic of the decomposition of hemicellulose [57]. From the AC it was observed 

that the maximum rate of mass loss occurred at a temperature range from 290-580 ºC 

[58]. The great thermal stability of the corncob adsorbent is probably due to the 

presence of lignin, which has a very condensed structure [59]. This can also be 

characteristic of cellulose degradation, which has greater thermal resistance due to 

the greater number of inter and intramolecular hydrogen bonds [60]. Another 
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degradation was visible from 200-360 ºC due to the breaking of the C-C bonds of the 

carboxylate group [61]. The initial degradation at temperature ranges from 100-200 ºC 

was due to the loss of water on all the AC, Fe3O4 and Fe3O4@Al2O3 and 

Fe3O4@Al2O3/AC. These results were corroborated with literature reports, specifically 

for AC, Fe3O4 and Fe3O4@Al2O3. 

 

Figure 3. 7: TGA results for (a) Fe3O4 nanoparticles, (b) Fe3O4@Al2O3, (c) 
Fe3O4@Al2O3/AC and (d) AC.  

 

3.11. Optimization 

3.11.1. Univariate optimization. 

3.11.1.1. Effect of solvent type and sample volume 

The eluent type investigated were acetonitrile (ACN) and methanol (MeOH) 

which were HPLC grade. The effect of sample volume was studied in terms of the 

preconcentration factor. From Figure 3.8, four sample volumes were investigated, and 

5 mL proved to show the highest preconcentration factor compared to other volumes. 

Sample volumes 1 and 20 mL were also showing relatively high preconcentration 

factors. However, a 20 mL sample volume cannot be selected as a good volume due 
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to considering the cost-effectiveness of the method. A sample volume of 1 mL is 

acceptable and can be recommended for future studies. A non-optimal ratio between 

the sample volume and sorbent mass has effect on sample volume. The results in 

Figure 3.8 show that ACN had the highest preconcentration factor compared to 

MeOH. The MeOH could not elute the analytes at 1 mL and 20 mL sample volumes. 

The results concluded that a sample of 5 mL and ACN solvent would be used for 

further method development.  

 

Figure 3. 8: Effect of solvent type (MeOH, ACN) and sample volume on 
preconcentration factor. 

 

3.11.1.2. Effect of adsorbent type on extraction efficiency. 

There was an observable exponential increase in extraction recoveries of the 

analytes. The extraction recoveries on Fe3O4 were observed to be lowest for the 

analytes and highest when using the Fe3O4@Al2O3/AC nanocomposites. The highest 

increase in extraction recovery using the Fe3O4@Al2O3/AC adsorbent was observed 

for IMI, with an equal increase for ACT and TCL. The lowest observed recoveries for 

TMX have been attributed to its highest molecular formula, which tends to struggle 

with attaining space on the surface of the magnetic nanocomposite adsorbent. Finally, 

the results concluded that Fe3O4@Al2O3/AC nanocomposite will be used for further 

method development. These results agree with the characterisation in Figure 3.4 (c), 

wherein an increase in particle size was observed. The increase in particle size 
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observed in Figure 3.4 (c) has influenced to a certain extent to a higher surface area 

for absorption of these analytes as observed with Fe3O4@Al2O3/AC on Figure 3.9. 

 

Figure 3. 9: Effect of adsorbent type on extraction recoveries 

 

3.11.2. Multivariate optimization 

3.11.2.1. Full factorial design pareto charts 

From Figure 3.10 is the Pareto chart results showing the significant and 

insignificant parameters and their interactions at 95 % confidence interval. The 

horizontal bar graphs that cross a red dotted line (known as the reference line) show 

the important parameters. Those horizontal bar graphs below the reference line are 

said to be insignificant. Columns show the amount of effects, while the vertical line 

shows statistical significance at P = 0.05. The significant parameters were investigated 

for each analyte. From Figure 3.10 (a) pH, sorbent mass, and eluent volume were 

significant. The Pareto chart (b) shows that pH and eluent volume are significant. The 

pareto chart on (c) pH, sorbent mass and eluent volume were significant. Lastly, the 

results on Pareto chart (d) also show that pH, sorbent mass, and eluent volume were 

significant. This have given a conclusive remark that Figure 3.10 (a), (c) and (d) have 

the same parameters (pH, sorbent mass and eluent volume) being significant, while 

with Figure 3.10 (b) only two parameters (pH and eluent volume) were found to be 

significant. It is worth to note that only extraction time was insignificant. However, the 

ANOVA results were the guiding tool on selecting which time is best for high extraction 
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recoveries of these NEOs. Furthermore, this parameter's coefficient value could best 

assist in making that choice [62]. From the coefficient values, when the reported value 

is negative, it suggests that further optimization is done using the low extraction time. 

In contrast, if the coefficient value is positive, it means that high extraction time was 

used for further optimization, which can lead to high extraction recoveries of the 

analytes [63]. From this study, a positive coefficient was obtained for time. Hence, a 

higher extraction time of 8 minutes was selected for further optimization with CCD. For 

the other significant parameters (pH, sorbent mass and eluent volume), their 

experimental design was constructed with the RSM, and their interval points are 

shown in Table 2.2. 

 

Figure 3. 10: Pareto charts result for FFD 

 

3.11.2.2. Response surface methodology 3D plots 

The results from further optimization are presented on 3D surface plots. The 

surface plots give the relationship proportionality of the most influential parameters. 

The results from all the surface plots on Figure 3.11 from (a)-(d) show that when 
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sorbent mass increases and eluent volume decreases, there is an observable increase 

in extraction recoveries. These tells us that as we have a larger sorbent mass, the 

analytes are more adsorbed and have a lower eluting solvent, thus, as desorption 

occurs, the analytes will be highly concentrated on the eluting solvent. Furthermore, 

this also have an impact in terms of the less use of the organic solvents which supports 

the inexpensive microextraction protocols of this study.  

Establishing an appropriate pH is crucial to prevent the target analyte from 

ionising and increase extraction efficiency. The pH of the solution is one of the most 

significant variables influencing the material's adsorption performance. Solution pH 

affects the stability and existence form of the target analytes to a certain extent. The 

surface plots show high extraction recoveries when the sample solution was neutral. 

This may be because NEOs hydrolyse slowly under acidic and degrade slightly under 

alkaline conditions. Therefore, for method validation, the pH condition was neutral. 

The surface plots results showed that as we increased the sorbent mass, the 

extraction recoveries also increased. 

 

Figure 3. 11: Response surface 3D plots 
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3.12. Method validation  

Method performance was studied, and the results are shown on equation 3.9-

3.12.  The developed method was validated in terms of their accuracy (% R), precision 

(% RSD), limit of detection (LOD), limit of quantification (LOQ), enrichment factor (EF), 

preconcentration factor (PF) and linearity (R2) shown on Table 3.3. The LOQ value of 

each analyte that correlated with a signal-to-noise ratio (S/N) of 10 was determined to 

be the lowest point of the calibration curve. In simple terms, the lowest amount of 

analyte that can be measured accurately enough is known as the limit of quantification, 

or LOQ, while the analyte concentration that results in a signal-to-noise ratio of three 

is referred to as LOD. The validation was done following the procedure in Figure 3.1 

with the following parameters: sample volume (5 mL), extraction time (8 min), sorbent 

mass (90 mg) and eluent volume (0.5 mL). 

The equations associated with method validation have been listed below. All 

the equations used for validation calculations from analytical figures of merits have 

been listed below. External calibration curves of the analytes of interest were 

constructed by plotting the peak area of each analyte against the known spiked 

concentration of the analyte, respectively. This was done by taking the average of the 

peak areas in triplicate injections from each concentration. Furthermore, from the 

reported results of this study, the analytes have shown good linearity with values at R2 

≥ 0.99. Thus, this indicates a linear relationship between different concentrations of 

the analyte of interest on calibration standards. Comparing the slopes of the 

regression lines of the analytes in solvent and matrix shows a significant matrix effect 

when the slopes of the regression lines show a difference of more than 40%, 

respectively. The linear regression analysis was employed to calculate the target 

analytes' slopes, intercepts, and determination coefficients. The LODs recorded were 

0.56-1.76 ng. µL-1, LOQs at 1.87-6.62 ng. µL-1, % RSD < 10 %, % R from 80-119.2%, 

PF from 73.02-407 and R2 of 0.9930-0.9982. Table 3.3 below shows the equations 

and linearity of each analyte. The analysis of variance (ANOVA) from CCD gave the 

quadratic equations showing the interaction between the parameters studied. The 

equations are shown below from equation 3.9-3.12. The factors were A for pH, B for 

sorbent mass and C for eluent volume. 

ACT = 47 + 3.8A – 0.87B + 162C + 0.182A2 + 0.00263B2 – 124C2 – 0.0623AB – 

0.79AC + 0.36BC…………….…………...….…… equation 3. 9 
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IMI = 43 – 10.7A – 0.39B + 304C + 0.216A2 + 0.00246B2 – 233C2 + 0.0723AB + 

7.4AC – 0.81BC…………………………………… equation 3. 10 

TCL = 13 + 0.23A -0.654B +263C + 0.346A2 + 0.00620B2 – 1990.0C2 – 0.0623AB – 

0.79AC + 0.245BC…………………………….…… equation 3. 11 

TMX = 29.0 – 5.96A + 0.032B + 250C + 0.335A2 – 0.00186B2 – 174.5C2 + 0.0370AB 

– 2.45AC – 0.260BC……….…………………….… equation 3. 12 

Furthermore, it is worth noting that the method has two interaction effects with 

one degree of freedom and ANOVA effect [64]. The main function of the P values is 

to determine the method's performance as per the analytes studied. The P values 

signifies that if the P value from lack of fit is less than 0.05 (P < 0.05) it suggests that 

the analyte does not fit the model [33]. However, if the P value is found to be greater 

than 0.05 (P > 0.05), this shows that the analyte does fit the model [5]. From the NEOs 

of this study, only three analytes, ACT, TCL and TMX, were found not to fit the model. 

The respective P values of these analytes are 0.009 for ACT, 0.020 for TCL and 0.049 

for TMX, respectively. On the other hand, only IMI fit the model with a P value of 0.324. 

This gives a conclusive result that the model is not compatible with the analytes since 

about 99 % of the analytes does not fit the model. However, the model can still be 

investigated following a different sample preparation method.  

 

 Table 3. 3: Analytes linearity  

Type of analyte Calibration equation R2 

Acetamiprid Y = 0.0253x + 1.0821 0.9968 

Imidacloprid Y = 0.0166x - 2.2298 0.9930 

Thiacloprid Y = 0.0204x - 2.2778 0.9968 

Thiamethoxam Y = 0.0213x - 1.508 0.9982 

 

3.13. Comparison of method performance with other reported methods. 

The developed methods performance was compared with other studies 

reported. The method was compared in terms of extraction time, accuracy, precision, 
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LOD and EFs and the results are shown in Table 3.4. The developed MSPME has 

been shown to perform best regarding extraction time, accuracy and EFs. It is worth 

noting that the developed method recorded the lowest extraction time compared to 

other reported methods. The EFs were at an acceptable range, and many studies 

reported on Table 3.4 did not report about the EFs. Lastly, the method gave the 

highest accuracy at an acceptable range of 70-120 % compared to other reported 

methods on the same matrix. The MSPME method showed the best performance. 

Moreover, the method adopted the green chemistry principle by using agricultural 

waste to synthesise the adsorbent. Furthermore, it is worth noting the novelty of this 

study, which uses a newly developed adsorbent that has proved to have the best 

performance in terms of extraction. 
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Table 3. 4: Comparison of MSPME with other reported methods in edible vegetable oils.                 

Matrix Pesticid
e 

Method Adsorbent Technique LOD 

(ng. 
µL-1) 

%RS
D 

 

Recoverie
s 

(%) 

EF Extractio
n time 
(min) 

Ref 

Olive Oil ACT QuEChER
S 

NR LC-MS/MS & 
GC-MS/MS 

NR < 7.2 < 124                    NR NR [65] 

Edible 
oils 

ACT, 
TMX, IMI, 
TCL       

d-SPE Z-sep & Z-Sep+ UHPLC-QqQ-
MS/MS 

NR < 20 70-120 NR 13 [66] 

Olive oil 
& olives 

ACT, 
TMX, IMI, 
TCL 

SPE PSA GC-MS/MS & 
LC-MS/MS 

NR < 25 70-120 NR 720 [67] 

Olives & 
Olive Oil 

IMI & 
TCL 

QuEChER
S 

NR LC/DAD/ESI/M
S 

0.04 
& 
0.14 

NR 80-119 NR NR [68] 

Virgin 
olive oil 

TMX, 
TCL 

QuEChER
S - dSPE 

NR nanoflow 
LC/ESI Q-
Orbitrap-MS 

NR < 19 75-119 NR NR [69] 
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Vegetabl
e oils 

ACT, 
TMX, 
IMI,TCL      

MSPME Fe3O4@Al2O3/A
C             

HPLC-DAD                    0.56
-
1.76                         

≤ 10                          80-119.21               52-
14
5              

8 This 
stud

y 

RSD – Relative standard deviation, LOD – Limit of detection, EF – Enrichment factor, NR – Not reported, d-SPE – Dispersive solid phase 

extraction, MSPME – Magnetic solid phase microextraction, SPE – Solid phase extraction, GC-MS/MS – Gas chromatography coupled with 

tandem mass spectrometry, UHPLC-QqQ-MS/MS - Ultrahigh performance liquid chromatography method coupled with triple 

quadrupole mass spectrometry, LC/DAD/ESI/MS - Liquid chromatography coupled to diode array detection and electrospray 

ionisation tandem mass spectrometry  HPLC-DAD – High performance chromatography coupled with diode array detector, UPLC-MS/MS – 

Ultra-high performance liquid chromatography tandem mass spectrometry, HPLC-MSMS – High performance liquid chromatography tandem 

mass spectrometry, LC–MS/MS – Liquid chromatography tandem mass spectrometry,  nanoflow LC/ESI Q-Orbitrap-MS - nanoflow liquid 

chromatography system coupled to high resolution mass spectrometry, PSA - Primary Secondary Amine, Z-Sep, Z-Sep+ - Zirconium dioxide-

based sorbent 
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3.14. Matrix effect 

The phenomenon matrix effect is associated with the efficiency of the sample 

preparation method and matrix type. The ionisation and separation processes 

influence to a certain extent the matrix effects [70]. The matrix effect affects the 

significant degree the peak area and, therefore, the sensitivity of the analytes. Matrix 

effect studies were done by spiking the real vegetable oil samples with the known 

concentrations used to prepare the calibration standards. The equation 3.7 above 

was used for the calculation of the matrix effect. The matrix effect was calculated for 

each analyte in four selected vegetable oils. 

The concept of matrix effects can also be studied under specificity. Specificity 

refers to the method's ability to separate the particular analyte in the presence of other 

components. If ME is ~ 0%, no matrix effect. If ME > 0%, ion suppression occurs. If 

ME < 0%, ion enhancement occurs [71]. For further investigation of the matrix effects, 

any analytes that showed no significant matrix effects, the standard calibration curve 

could be used to quantify them. However, the results in Figure 3.12 show that all the 

analytes suffered from the matrix effects. The analytes were quantified using matrix-

matched calibration curves for validation and application in real samples. The results 

for the matrix effects are shown in Figure 3.12. Furthermore, it is worth noting that 

from Figure 3.12 the avocado oil, it can be observed that TMX and ACT suffered ion 

enhancement while IMI and TCL suffered ion suppression. From other types of 

vegetable oils like canola oil, olive oil, and sunflower oil show that the analytes suffered 

ion suppression for all the analytes. This shows that the matrix does influence these 

vegetable oils to a certain extent. Thus, it was also explained that the TMX, ACT and 

IMI suffered from a low matrix effect from the avocado oil while TCL suffered from a 

medium matrix effect. Furthermore, on the other hand, canola and olive oil have shown 

that all the analytes suffer from high matrix effect, respectively. Lastly, with sunflower 

oil, the results have shown that TMX, ACT and IMI suffer from a medium matrix effect 

while TCL suffers from a high matrix effect [72].  
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Figure 3. 12: Matrix effects studied for different analytes from selected vegetable 
oils. 

 

3.15. Enrichment factor 

EF is known as the ratio between the slope of the analytes in the sample matrix 

and the slope of the analytes in the solvent. If EF > 1, it means there was visibly higher 

proportion of analytes within the sample set than it would have been expected by 

chance [73]. The results shown in the Figure 3.13 show that all the selected analytes 

have demonstrated that there was visibly a higher proportion of the analytes in the 

selected vegetable oils. However, this might have been attributed to by the matrix 

effects. 
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Figure 3. 13: Enrichment factor effect on selected vegetable oils. 
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3.16. Method greenness assessment 

The AGREE mathematical tool was used for the assessment of the developed 

MSPME. The AGREE metric has been considered user-friendly, comprehensive, easy 

to apply and fast [74]. Green assessment was done using an Analytical Eco-Scale and 

Analytical GREEnness Metric calculator. The AGREE tool uses 10 principles of green 

analytical chemistry (GAC), yielding a pictogram at a score range of 0-1 [75]. The 1-

10 clockwise scale red-yellow-green colour scheme demonstrated the technique's 

performance against each principle [76]. The total score in the centre of the pictogram, 

with values near one and a dark green tint, indicates that the tested technique is more 

environmentally friendly [77]. The AGREE results have been presented in Figure 3.14, 

depicting the AGREE results for the MSPME method at a total score of 0.54, indicating 

that the technique was somewhat green. However, the acceptable value for the 

process to be green is on a scale of 0.6 to 1 [78]. The greenness of the developed 

method was mostly affected by the amount of waste generated through each step, the 

number of preparation steps and manual sample preparation, which can cause some 

inaccuracy of the results generated.  

 

 

Figure 3. 14: Developed MSPME method AGREE pictogram. 
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3.17. Application of MSPME method in real samples 

 

The MSPME method was applied in real samples. This was done following the 

procedure in Figure 3.1. A total of 16 experiments were done, with four experiments 

for each vegetable oil. The parameters were 5 mL sample volume, 90 mg sorbent 

mass, 8 min extraction time, 13 pH and 0.5 mL of eluent volume. The results have 

shown that all four vegetable oils (avocado, canola, olive and sunflower) were free on 

the NEOs and considered safe for human consumption. Their concentrations were 

below the detection limits; thus, they were in trace levels. The results are reported in 

Table 3.5. 

 

Table 3. 5: Application of the developed MSPME in selected vegetable oils 

Analyte Avocado oil Canola oil Olive oil Sunflower oil 

ACT < DL < DL < DL < DL 

IMI < DL < DL < DL < DL 

TCL < DL < DL < DL < DL 

TMX < DL < DL < DL < DL 

DL- detection limit 

For further validation and confirmation of real vegetable oil samples' NEOs 

concentration, The experiments were done following the procedure in Figure 3.1 with 

5 mL sample volume, 90 mg sorbent mass, 8 min extraction time, 13 pH and 0.5 mL 

of eluent volume. The two spiking concentrations were 40 ng. µL-1 and 80 ng. µL-1. The 

comparison was done following the appearance of the peaks on the chromatogram in 

Figure 3.15. Moreover, from the chromatogram in Figure 3.15, chromatogram (a) for 

real samples has shown very small peaks for TMX, ACT and IMI while TCL was a wide 

broad peak of which this peak appearance can be attributed to the matrix effect since 

Figure 3.12, it has shown that the analytes are affected by other matrices other that 

the analytes of interest. The appearance of a peak is directly related to the 

concentration of the analytes. It is worth noting that at Figure 3.15 (b), the calibration 

standard the peaks were more conspicuous. From Figure 3.15 (a), (b) and (c), there 
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is an observable peak before the appearance of the first TMX analyte, which is known 

as the solvent peak. 

Additionally, the solvent peak is not visible in Figure 3.15 (b) since the 

calibration standard was prepared from the same solvent without any modifications. 

In comparison with Figure 3.15 (a), Figure 3.15 (c) and Figure 3.15 (d), 

chromatograms have shown a distinctive peak due to spiking. These results help to 

conclude that the vegetable oils were indeed free of these NEOs. Additionally, different 

spiking concentrations were studied in four selected vegetable oils for the NEOs. The 

two spiking concentrations studied were 40 ng.µL-1 and 80 ng.µL-1The Table 3.6 shows 

the recoveries and %RSDs for each analyte in selected vegetable oils, respectively. 

The spiked recoveries of the NEOs were at a range of 76.9-107 % with the 

%RSDs at less than 6 as shown in Table 3.6. These results shows that the proposed 

method has application potential for the determination of pesticides in real vegetable 

oils. 

 

Table 3. 6: Different concentrations studied 

Sample  Analytes Spiked concentrations  (n=3)  

  Recoveries (%) (%RSD)  

  0 ng.µL-1 40 ng.µL-1 80 ng.µL-1 

Avocado oil ACT ND 106 (1.3) 107 (2.6) 

 IMI ND 102 (2.3) 98.2 (3.3) 

 TCL ND 99.1 (1.7) 10.3 (2.6) 

 TMX ND 82.1 (2.1) 89.3 (1.2) 

     

Canola oil ACT ND 78.6 (5.2) 96.3 (1.4) 

 IMI ND 83.2 (1.3) 98.2 (2.1) 

 TCL ND 95.2 (2.3) 76.9 (3.3) 
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 TMX ND 87.8 (1.1) 89.7 (1.9) 

     

Olive oil ACT ND 87.1 (3.2) 92.8 (2.2) 

 IMI ND 97.2 (0.9) 91 (1.5) 

 TCL ND 83 (1.8) 89.3 (2.5) 

 TMX ND 100.3 (2.6) 90.2 (1.3) 

     

Sunflower oil ACT ND 85.8 (1.8) 101.7 (2.1) 

 IMI ND 92.4 (2.6) 87.1 (1.2) 

 TCL ND 88.8 (0.7) 96.2 (1.9) 

 TMX ND 92.7 (2.1) 88.5 (2.2) 

 

 

Figure 3. 15: Chromatograms of real commercial vegetable oils and spiked vegetable 
oils (a) real sample, (b) analytes standard, (c) spiked real sample 40 
ng.µL-1 and (d) spiked real sample 80 ng.µL-1. 
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3.18. Reusability and regeneration. 

 

The reusability studies were conducted for the adsorbent used in this study and 

presented in Figure 3.16. It is fundamental to perform reusability studies to evaluate 

their efficiency and stability. The adsorbent was used on multiple extraction cycles on 

spiked vegetable oil, and the extraction cycles were done while investigating the 

extraction recoveries. The reusability and regeneration of the adsorbent were studied 

since they are important factors to evaluate for their practical applicability. The 

reusability of the adsorbent is fundamental for economic and environmental efficiency. 

Ethanol was the solvent used to wash the nanocomposites after every elution step, 

respectively. This was done by performing several extractions, elution, washing and 

drying before the next use. The adsorbent has shown a decrease in extraction stability 

over 8 cycles of use. The extraction recoveries on these runs exponentially decreased 

from 119-33.10 %. However, with these extraction recoveries obtained, the 

exponential decrease in extraction recoveries was influenced by the adsorbent loss 

after each extraction and washing step. Moreover, the type of matrix used for this study 

was challenging during extraction; hence, such a loss in the adsorbent was observed. 

The adsorbent retained it stability during its reusability for its adsorption capacity.   

The reusability of the synthesised magnetic nanocomposite was investigated 

for its extraction recoveries over several runs of the experiments. An observable 

exponential decrease in extraction recoveries happened. This was due to the loss of 

the nanocomposite from each extraction as it also decreased in quantity during the 

washing process for reuse. A loss in magnetic properties for the nanocomposite was 

also observed, which was the most influential factor in the exponential decrease of 

extraction recoveries. To the best of our knowledge many reported studies did not 

disclose the reusability of their adsorbent for this type of sample. However, with regard 

to this study so far it has proved to show good reusability acceptance for this type of 

sample. Furthermore, there was a proportional relationship between the quantity of 

the adsorbent loss after each run and washing process and its magnetism. The results 

show that TMX has always had the lowest extraction recoveries. This has been due 

to this analyte's high molecular weight, depriving it from being adsorbed on the surface 

of the adsorbent. However, there has been competition for adsorption sites between 

ACT and TCL.  
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Figure 3. 16: Reusability cycles for Fe3O4@Al2O3/AC nanocomposite. 

 

3.19. Conclusion  

 

It can be concluded that magnetic nanocomposite was successfully 

synthesised, characterised and applied as an adsorbent for extraction and 

preconcentration. The Fe3O4@Al2O3/AC adsorbent used in this study was novel and 

has shown high accuracy. The synthesis of these adsorbents adhered to green 

chemistry principles wherein corn cobs and lemon peel (agricultural waste) were 

utilised during the synthesis process. The high pore size on the AC prepared from corn 

cobs as observed from the SEM-EDS from Figure 3.6 (d) permitted enough surface 

for adsorption of the analytes; hence, higher extraction recoveries were obtained. The 

developed MSPME has shown great potential as a preconcentration method for the 

selected NEOs from the vegetable oil samples. 

Moreover, the performance of the Fe3O4@Al2O3/AC adsorbent and the MSPME 

gave significantly good extraction recoveries. The high extraction recoveries for these 

analytes confirmed the π-π interactions between the NEOs and Fe3O4@Al2O3/AC had 

played a crucial role in MSPME. Additionally, it is worth noting that the selected NEOs 
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for this study have the nitro group or the cyano group, which is capable of acting as a 

Lewis acid (electron acceptor) to yield the Lewis acid-base interactions with the 

benzene rings as Lewis base (electron donor) of the Fe3O4@Al2O3/AC 

nanocomposite. Thus, the extraction mechanism of this study can be based on the π-

π interactions and Lewis acid-base interactions. These results have proved that the 

chemical and physical properties of the analytes, the type of adsorbent experimental 

conditions and the nature of the matrix influence its adsorption to a certain extent. It is 

also worth noting that the adsorption of organic pollutants on the surface of porous 

activated carbons can be due to the π-π interactions of the π electrons of these 

organic pollutants with the π electrons of the benzene rings of the activated carbons. 

To compensate for the matrix effects, the matrix-matched calibration curves 

were constructed, and the results have shown that the matrix effect influences the 

appearance of the peaks on the spectra of our analytes. The matrix effects were 

observed in all the selected vegetable oils used for this study. Ion suppression and ion 

enhancement were observed with matrix effects ranging from low, medium and high 

from these vegetable oils.  

The reusability studies of the adsorbent have proved that the synthesised 

adsorbent can maintain its high stability and reusability over numerous extraction 

cycles. The type of matrix used for this study contributed to an exponential decrease 

in extraction recovery proportionally to the amount of the adsorbent recovered after 

each extraction and washing. Furthermore, the adsorbent is believed to withstand 

more runs when applied to a less complex matrix. The developed method has proved 

efficient for its application based on the accuracy and precision investigated for this 

study. 
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CHAPTER IV 

Development of a greener dispersive liquid-liquid microextraction 

method for determination of selected neonicotinoid pesticides in 

vegetable oils. 

ABSTRACT  

The development of extraction methods using green solvents has received 

attention from many researchers. Therefore, this study describes the development of 

the dispersive liquid-liquid microextraction (DLLME) method using deep eutectic 

solvents (DES), which are known as green solvents. The DES was synthesised by 

mixing hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA), thereafter 

characterised using Fourier transform infrared spectroscopy (FTIR) and nuclear 

magnetic resonance spectroscopy (NMR). Furthermore, DES was applied for 

preconcentration and extraction of the selected neonicotinoid pesticides (NEOs) 

(acetamiprid, imidacloprid, thiacloprid and thiamethoxam in vegetable oils followed by 

quantification using high performance liquid chromatography coupled with diode array 

detector (HPLC-DAD). The DES mixture that resulted in the highest extraction 

recovery was Choline chloride with ethylene glycol (CCl:EG). Then, the most influential 

parameters affecting the DES-DLLME method for extracting NEOs were examined 

using a multivariate optimization approach. Screening was done with full factorial 

design (FFD) wherein the significant and insignificant parameters and their 

interactions were reported on the Pareto chart. For response surface methodology, 

the significant parameters were used for further optimization with central composite 

design (CCD). Moreover, the results from CCD for method performance in terms of 

the relationship between the parameters were displayed on 3D surface plots format. 

The method showed good limits of detection (LOD) ranging from 0.4 -4.95 ng. µL-1 and 

limits of quantification (LOQ) ranging from 1.43-9.7 ng. µL-1. The method has proved 

to show good accuracy (79-119.58 %) and precision (0.1 to 0.9 %). Method greenness 

was studied using the Analytical GREEness calculator (AGREE) in full tool and it has 

shown that the developed method is greener with a value of 0.67. The method showed 

good preconcentration factors (39.33-118.18). Lastly, the developed method was 

applied in real samples. 
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Keywords: Neonicotinoid pesticides, AGREE, deep eutectic solvent (DES), 
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bond acceptor (HBA) 

4.1. Background 

Neonicotinoid pesticides have been used worldwide in the agricultural sector. 

They have been used to control pest infestation, weed control and infectious disease 

breakout prevention [1]. Vegetable oils are oils that have been produced from the oil 

seed crops. Concerns regarding human health and food safety has increased over the 

years [2]. The contamination of vegetable oils with NEOs residue is mostly influenced 

by the coextracted lipids and nutrients [3]. These trace amounts of NEOs in vegetable 

oils have contributed to adverse health effects in humans. Hence, there was a need 

to monitor the level of contaminated vegetable oil with these pesticides. The NEOs 

toxicity in humans affects the development of the reproductive system. They interfere 

with the endocrine system and damage the brain and human nervous system [4]. 

Since the health defects have been detected, there has been a set  limit of their daily 

intake set by different organizations in different countries, and some countries have 

restricted their use [5]. The maximum residue limit (MRL) for Japan in oil seeds is 0.04 

mg.kg-1, in China is 0.05-0.5 mg.kg-1 and in the U.S. is 0.05-3.5 mg.kg-1 [6].  

Due to these NEOs' toxicity, there has been a need to monitor their presence 

in vegetable oils. A wide range of quantification techniques like liquid chromatography 

(LC), high-performance liquid chromatography (HPLC) and gas chromatography (GC) 

have been reported for the determination of the neonicotinoid pesticides (NEOs) in 

different samples for monitoring purposes [7][8]. Due to the NEOs' low volatility and 

high polarity, they are unsuitable for analysis using gas chromatography (GC) [9]. 

HPLC has been a preferred technique for the analysis of NEOs. Furthermore, the use 

of HPLC coupled with different detectors such as fluorescence (FLD), diode array 

detector (DAD), triple quadrupole tandem mass spectrometry (MS/MS), ultraviolet 

(UV) and mass spectrometry (MS) have been reported in many studies[10] [11]. 

However, the DAD and MS/MS have been among the most reported detection 

techniques. The two most preferred detectors have advantages; DAD's advantage is 

its low cost and high availability, whereas the advantages of MS/MS are the 

identification and confirmation of the analytes [12].  



147 
 

Since the samples cannot be analysed directly, there's a need for sample 

preparation [13]. Different sample preparation methods have been studied and 

reported. NEO residue analysis is often performed in some pretreatment steps, 

including preconcentration, solvent extraction and sample cleanup [14]. Although the 

cleanup step may not be accurate due to the loss of some analytes with additional 

labour and cost-effectiveness, it can also lead to poor data quality [15]. Different 

sample preparation methods have been reported, of which the traditional extraction 

methods that have been studied over the years are mostly solid phase extraction 

(SPE) and liquid-liquid extraction (LLE) [16]. A wide range of derivatives of these 

traditional methods have been developed and reported by many researchers over the 

years [17]. The development of these methods derivatives was to help overcome their 

disadvantages, which involved the use of large amounts of organic solvents, the cost-

effectiveness of the method, and its tediousness. They produced a large amount of 

waste containing trace levels of the analytes of interest [18]. Some of the reported 

extraction methods are solid-phase micro-extraction (SPME), Quick, easy, cheap, 

effective, rugged, and safe (QuEChERS), Hollow-fiber liquid-phase microextraction 

(HF-LPME), Dispersive liquid-liquid microextraction based (DLLME), Dispersive micro 

solid-phase extraction (D-μ-SPE) and Matrix solid-phase dispersion (MSPD) 

[19][20][21][22]. These reported methods provide several advantages such simplicity, 

greenness, convenience, high enrichment factor, reliability, repeatability, cost 

effectiveness, and less use of adsorbent and organic solvents [23]. For this study, the 

DLLME method was used because of its easy, quick, and solvent-efficient operation, 

environmental friendliness, and high throughput [24]. A wide range of methods derived 

from DLLME have been reported, and some include air-assisted liquid-liquid 

microextraction (AA-LLME) vortex, assisted liquid-liquid microextraction (VA-LLME) 

and ultrasound-assisted liquid-liquid microextraction (UA-LLME) [25]. The advantages 

of these methods are their environmental friendliness, suitability to green chemistry, 

and use of small organic solvents volume while generating less waste [26]. Extractants 

and dispersants are factors determining extraction efficiency of DLLME method. 

Additionally, dispersants are synthesized using green extraction technologies using 

physical dispersion techniques like vortexing and ultrasonication from conventional 

organic solvents [27]. New trends of using environmental-friendly green solvents in 

DLLME have garnered interest of many researchers. Currently, deep eutectic solvents 

(DESs) and ionic liquids are the green extractants that have been utilised in DLLME 
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[28]. Hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA) having lower 

melting temperatures than any of their constituent parts are combined to create the 

DESs [29]. The DESs are comparable to ionic liquids in terms of their chemical and 

physical characteristics, including their good solubility for both organic and inorganic 

compounds, non-flammability, and comparatively broad liquid range [30]. DESs are 

less toxic and more biodegradable than ionic liquids, and they are also easier to 

synthesise.  

A DLLME method, using choline chloride (HBA) with ethylene glycol (HBD) at 

a 1:2 ratio (CCl:EG) as the extractant, was developed [31]. The synthesised DES was 

characterized using Fourier transform infrared spectroscopy (FTIR) and nuclear 

magnetic resonance spectroscopy (NMR). A multivariate approach was followed using 

the design of the experiment (DoE) from the chemometric tool. The screening was 

done using full factorial design (FFD) from DoE, followed by further optimization of the 

significant parameters with response surface methodology (RSM) following the central 

composite design (CCD) approach. Therefore, this project aims to develop a simple, 

greener and efficient extraction method for the determination of selected NEOs 

(acetamiprid, imidacloprid, thiacloprid and thiamethoxam) in vegetable oils followed by 

HPLC-DAD analysis. 

4.2. Experimental procedure 

4.2.1. Reagents, materials, and samples 

All the standards, solvents and reagents were purchased from Merck South 

Africa, organic standards for neonicotinoid pesticides acetamiprid, imidacloprid, 

thiacloprid and thiamethoxam purchased were of higher grade. Acetonitrile HPLC 

grade, dichloromethane, methanol HPLC grade, chloroform, sodium hydroxide, 

hydrochloric acid, n-hexane, choline chloride, ethylene glycol, levulinic acid, urea, 

formic acid. 

Avocado, canola, olive, and sunflower oils were purchased at a local supermarket in 

South Africa, Johannesburg Roodepoort Florida Park and stored at room temperature. 
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4.2.2. High performance liquid chromatography coupled with diode 

array detector (HPLC-DAD) instrumentation. 

A Hewlett-Packard 1090 II liquid chromatograph equipped with a DAD Agilent 

1260 Infinity high-pressure liquid chromatography (HPLC) system procured from 

Agilent Technologies (Waldbronn, Germany) was used for separation and 

determination of NEOs analytes of interest. The chromatographic system consisted of 

a degasser unit, binary pump, autosampler, auto-injector and thermostatic column 

compartment. The chromatographic column that was kept at 30 °C was Waters 

Xterra® C18 3.5 µm 4.6 × 150 mm column obtained from Waters Corporation (Milford, 

MA, United States). The chromatographic separation was achieved under gradient 

elution. The chromatograms were recorded at 255 nm and 260 nm for acetamiprid, 

imidacloprid, thiacloprid and thiamethoxam. Two mobile phases were prepared. 

Mobile phase A comprised 0.1 % formic acid (FA) in ultrapure water, while mobile 

phase B was 100 % acetonitrile using a gradient elution system at a flow rate of 1.0 

mL.min-1 and injection volume of 10 µL. Gradient elution setup was as follows: initial 

time 0 min 65 % A:35 % B, 2 min 75 % A:25 % B, 2:50 min 55 % A:45 % B and at 4:30 

min, it returns to the initial elution of 65 % A:35 % B [1]. 

4.2.3. Preparation calibration standards 

The standard mix solution consisting of all four different NEOs was prepared in 

acetonitrile on a 10 mL volumetric flask and stored in a refrigerator at 4 oC. different 

calibration standards were also prepared at ten different concentrations (8-1000 ng.g-

1). Appearance of the analytes on the chromatogram for different NEOs investigated. 

The peak at 2.11 min is thiamethoxam (TMX), at 2.3 min is acetamiprid (ACT), at 2.43 

min is imidacloprid (IMI) and at 3.1 min is thiacloprid (TCL). Preparation was done with 

some slight modifications to suit the instrument, solvent type and the type of analytes 

[32].  

4.2.4. Cleaning of glassware. 

All the glassware (beakers, volumetric flasks, conical flasks, measuring 

cylinders, sample vials, spatula) were washed with soap and water. Additionally rinsed 

with distilled water and dried in the oven at 110 oC for an hour. After each experimental 

use, the glassware was washed with water and soap, rinsed with distilled water and 
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soaked in acetone bath. After soaking for overnight, they were then dried in the oven 

at 90 oC for 30 min. 

4.2.5. Synthesis of deep eutectic solvents (DESs) 

Recently, the majority of innovative research developments on microextraction 

techniques has focused on substituting ecologically benign organic solvents such as 

ionic liquids, supramolecular solvents, and deep eutectic solvents (DESs) for harmful 

organic ones [33]. 

Moreover, it is worth to note that because of their impressive qualities, which 

include ease of synthesis, affordability, low volatility, high biodegradability, and 

structural design feasibility, DESs are recognised as new generation green solvents 

[34]. A suitable mixture of a hydrogen bond donor (HBD) and hydrogen bond acceptor 

(HBA) is usually used to create a DES [35]. Since the combined mixture's melting point 

is lower than that of its constituent parts, it is liquid at room temperature. The drop in 

melting point is caused by hydrogen bonds forming between the components of DES 

[36]. Choline chloride (CCl) combined with several HBDs urea, ethylene glycol, and 

glycerol being the most often used is the basis for the most common DESs; however, 

other alcohols, amino acids, carboxylic acids, and sugars have also been employed 

[37]. DESs have the potential to replace the application of  traditional organic solvents 

in separation and extraction procedures because of their distinct physicochemical 

properties [38]. Even though DESs may form hydrogen bonds, they are often 

hydrophilic, which limits their use as extraction solvents in aqueous materials [39]. As 

a result, the majority of applications have concentrated on the extraction of naturally 

occurring chemicals from organic solids (plants and foods) and liquid samples (mostly 

vegetable oils) [40]. In addition to its adjustable solvent characteristics, the DES are 

very effective at extracting various chemical classes of substances. DESs were 

prepared by mixing CCl (HBA) with HBD (ethylene glycol (EG), levulinic acid (LA), or 

urea) at a constant molar ratio of (HBA)1:2 (HBD) in screw-capped bottles. The various 

DES mixtures were prepared in a 50 mL centrifuge tube with a screw cap. The 

calculations where done using the mole ratio of 1:2 along with the molar mass of each 

reagent used for preparation of these DESs. The mixture was agitated at 80 °C for 2 

hrs until a clear liquid was formed [41]. Three different types of DESs (DES 1: Ethylene 

glycol with choline chloride, DES 2: Levulinic acid with choline chloride and DES 3: 
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Urea with choline chloride) were synthesised and studied for their efficiency on 

extracting the NEOs from the vegetable oils.  

4.3. Characterization of deep eutectic solvents 

4.3.1. Fourier transform infrared spectrometer (FTIR) 

The FTIR instrument was used to study the chemical composition and quality 

of the sample of the synthesised DESs [42]. The FTIR characterization of the DES 

structure provides information about interactions and complexation between 

constituents [43]. The FTIR consists of five components: the source, the 

interferometer, the sample, the detector and the computer, as shown in Figure 4.1 

[44]. The Source: A luminous black-body source emits infrared radiation [45]. This 

beam travels through a hole that regulates the energy directed towards the sample 

and, eventually, the detector [46]. The Interferometer: The "spectral encoding" occurs 

when the beam enters the interferometer [47]. The interferometer then releases all of 

the generated interferogram signals [48]. The Sample: Depending on the kind of 

analysis being carried out, the beam either transmits through or reflects off the surface 

of the sample when it enters the sample compartment [49]. This is the location of 

energy absorption for particular frequencies peculiar to the sample [50]. The Detector: 

For the last measurement, the beam eventually reaches the detector [51]. Specially 

constructed detectors measure the unique interferogram signal. The Computer: After 

the signal has been measured and digitalized, it is passed to the computer to perform 

the Fourier transformation [52]. The wavenumber range used was from 500-4500 cm-

1. However, before the real analysis of the materials, a background scan was done 

because there was a need for a relative scale for the absorption intensity. The 

background scan is the measurement with no sample in the beam. The background 

scan can be compared with the sample scan to determine percentage transmittance. 

The model used was Fourier transform infrared (FTIR) spectrometer (Vertex 70 model, 

Bruker Optic GmbH, Hamburg, Germany).  
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Figure 4. 1: Fourier transform infrared spectrometer instrument [53] . 

 

4.3.2. Nuclear magnetic resonance spectrometer (NMR) 

NMR spectroscopic techniques have evaluated the molecular structure of three 

ternary DESs, composed of choline chloride, urea, ethylene glycol, and levulinic acid.  

NMR spectrometers are akin to a radio station and a recording studio [54]. The primary 

results of NMR techniques are the molecular compound's hydrogen and carbon 

atoms. This instrument provides the number of magnetically distinct atoms under 

study, while the sorts of functional groups present in a molecule are revealed by 

infrared (IR) spectroscopy. [55]. For example, studying hydrogen nuclei (protons) can 

provide information about the nature of each type's immediate environment and the 

quantity of each of the many types of hydrogen nuclei [56].  

The carbon nuclei can be found to have comparable information. IR and NMR 

measurements are frequently enough to identify an unknown chemical's structure fully. 

High-energy radio frequency (RF) pulses of particular lengths are delivered into the 

sample (radio station), which is positioned inside a probe inside the magnet [57]. The 

receiver coil then gathers the tiny currents, amplifies them, and digitises them into a 

signal (recording studio) prepared for post-collection processing [58]. Figure 4.2 

shows the NMR instrument setup. 
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Figure 4. 2: Nuclear magnetic resonance spectroscopy instrument [59]. 

 

4.4. Preparation of vegetable oil samples 

Vegetable oil was prepared in a ratio of 1:4 with n-hexane and vortexed for 5 

min to disperse the analytes before extraction [60]. 

4.5. Dispersive liquid-liquid microextraction method  

A 5 mL of prepared vegetable oil with n-hexane ratio at a ratio of 1:4  was ready 

in a 10 mL centrifuge tube with a closed cap, then a known volume of 1.1 mL of DES 

was added, followed by spiking with a known concentration of the standard. After 

spiking, the sample solution was vortexed. After that, the supernatant was discarded, 

and the DES remained at the bottom of the centrifuge tube. Additionally, acetonitrile 

was added to the centrifuge tube containing DES at the bottom, the cap was closed, 

and the tube was vortexed again, respectively. Lastly, the DES solution was collected 

with a syringe, transferred in a glass vial, and taken for analysis to an HPLC-DAD. 

Figure 4.3 is a schematic representation of the developed method [6]. 
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Figure 4. 3: General representation of DES-DLLME method 

 

4.6. Optimization  

4.6.1. Univariate optimization 

The univariate approach was used to optimize the three parameters: DES type, 

eluting solvent and sample volume. The preconcentration procedure (DES-DLLME) 

followed was reported by Ju et al. (2023) and it is illustrated in Figure 4.3 [60]. The 

sample volumes of 1,3,5, and 7 mL of vegetable oil were dispersed in 4 mL of n-

hexane by vortexing for 5 min. After 5 min, an 1100 µL volume of DES was added and 

spiked with a known concentration of 8 ng.µL-1  the analytical standard for the NEOs 

and then vortexed for 4 min. Spiking was done due to the absence of certified 

reference material (CRM). The n-hexane dispersant is significant due to its impact on 

formation of the droplets and contact between the droplets and the analytes. It is worth 

noting that, this dispersant shortens extraction time, increases efficiency, low toxicity 

and low running cost. 

Furthermore, after preconcentration, the supernatant was discarded, and the 

DES was redispersed in 1000 µL eluting solvent and vortexed again for 2 min to 

redisperse the analytes. Thereafter, the redispersed DES was collected with a 

micropipette from a centrifuge tube to an amber glass vial and closed with a screw 
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cap. Finally, the collected analytes in the amber screw cap vial were taken for analysis 

by an HPLC-DAD. 

4.6.2. Multivariate optimization 

For multivariate optimization, a chemometric tool was used for experimental 

design. A multivariate approach was selected since it can optimize several parameters 

simultaneously, unlike the univariate approach. The multivariate approach followed a 

procedure shown in Figure 4.3 above. The first step of the multivariate approach was 

screening the parameters following the two-level full factorial design. A response 

surface methodology was used to further optimize the most influential parameters.  

4.6.3. Full factorial design (FFD) 

For screening, a total of 5 parameters were studied. During FFD a total of 16 

experiments were generated by the chemometric tool as shown in Appendix TS3. All 

five parameters were investigated simultaneously, and their performance were 

reported in Pareto charts. The parameters were DES volume, extraction time, pH, 

eluent volume and eluting time and their minimum and maximum values are shown in 

Table 4.1. The sample volume was 1 mL of vegetable oil dispersed in 4 mL of n-

hexane by vortexing for 5 min. After 5 min, a known volume of DES was added and 

spiked with a 8 ng.µL-1   known amount of concentration of selected NEOs and then 

vortexed for a specific time as per the Table 4.1. Spiking was done due to the absence 

of certified reference material (CRM). Furthermore, after preconcentration and 

extraction, the supernatant was discarded, and the DES was redispersed in a known 

volume of eluting solvent and elution was done at a specified time as per Table 4.1. 

The redispersed DES was collected with a micropipette from a centrifuge tube to an 

amber glass vial, and the cap was closed. Finally, the collected analytes in the amber 

screw cap vial were taken for analysis by an HPLC-DAD. 

The Pareto chart shows the significant and insignificant parameters. The Pareto 

charts are designed as horizontal bars with reference line (dotted red line) that guide 

on determining the significant and insignificant parameters. The parameters are 

important, while any horizontal bar below the reference line is considered insignificant.  
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Table 4. 1: FFD screening parameters 

Parameters Low (-) High (+) 

Extracting time (min) 2 7 

pH 5 8 

DES vol (ml) 0.5 1.1 

Eluent vol (ml) 

Eluting time (s) 

0.5 

20 

2 

60 

 

4.6.4. Response surface methodology 

For further optimization of significant parameters generated from FFD (DES vol, 

extraction time, eluent volume and eluting time), were used for DOE with response 

surface methodology (RSM). A total of 30 experiments were generated, and the results 

were communicated as 3D surface plots. The experiments were done in triplicates for 

precision and accuracy and the design of these experiment shown in Appendix TS4. 

The RSM experimental design is shown in Table 4.2. These experiments were 

conducted following the procedure on Figure 4.2. The sample volume was 1 mL of 

vegetable oil dispersed in 4 mL of n-hexane by vortexing for 5 min. After 5 min, a 

known volume of DES was added and spiked with a known amount of concentration 

and then vortexed for a specific time as per Table 4.2. 

Furthermore, the supernatant was discarded after preconcentration, and the 

DES was redispersed in a known volume of eluting solvent. The elution was done at 

a specified time as per Table 4.2. The redispersed DES was collected with a microfilter 

from a centrifuge tube to an amber glass vial, and the cap was closed. Finally, the 

collected analytes in the amber screw cap vial were taken for analysis to an HPLC-

DAD. After response surface methodology the method was validated by calculating 

several analytical figures of merits (LOD, LOQ, % R, % RSD, SD, ME and mean) using 
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the equations shown below. The accuracy of the average of the data is gauged by the 

relative standard deviation, or RSD. The percentage of the known amount of an 

analyte carried through the sample extraction and processing stages of the technique 

that represents the extraction efficiency of an analytical process is referred to as the 

accuracy, also known as extraction recovery (% R). The lowest concentration that the 

method can detect is known as the limit of detection, or LOD. The lowest concentration 

at which an analyte may be reliably recognised while still satisfying a set of predefined 

criteria for bias and imprecision is known as the limit of quantification, or LOQ. The co-

eluting compound's capacity to either promote or suppress the sample analytes is 

known as matrix effects, or ME.  

Limit of detection (LOD) [61] 

𝐿𝑂𝐷 =
3 𝑥 [𝐶𝑜𝑛𝑐]

𝑆/𝑁
   equation 4. 1 

 

Limit of quantification (LOQ) [62] 

𝐿𝑂𝑄 =
10 𝑥 [𝐶𝑜𝑛𝑐]

𝑆/𝑁
 

equation 4. 2 

 

Percentage relative standard deviation (%RSD) [63] 

%𝑅𝑆𝐷 =
𝑆𝐷

𝑀𝑒𝑎𝑛
 𝑥 100 

equation 4. 3 

 

Standard deviation [64] 

𝜎 = √
∑ (𝑥𝑖 − x)2 )𝑁

𝑖=1

𝑁 − 1
 

equation 4. 4 

 

Mean average [65] 

𝑥̅ =  
𝑥1+ 𝑥2+ ……………… 𝑥𝑛

𝑛
                 

equation 4. 5 
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Extraction recoveries [66] 

%𝑅 =
𝑉𝑓 ×  𝐶𝑓

𝑉𝑖 × 𝐶𝑖
 × 100 

equation 4. 6 

 

Matrix effects[67] 
 

ME(%) = (
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑎𝑐𝑒𝑡𝑜𝑛𝑖𝑡𝑟𝑖𝑙𝑒
− 1) × 100 

equation 4. 7 

 

                                                                                                                                         

Table 4. 2: Response surface methodology parameters 

Parameters Low (-) Central point High (+) 

DES vol (ml) 

Extraction time 
(min) 

0.2 

2 

0.8 

4.5 

1.4 

9.5 

Eluent vol (ml) 0.5 1.25 2 

Eluting time (s) 20 40 80 

 

4.7. Results and discussion 

4.7.1. Characterization 

4.7.1.1. Fourier transform infrared spectrometer. 

The high temperature during the synthesis of the DES elicits the formation of 

the hydrogen bond that binds the chloride of the HBA with the hydrogen of the HBD. 

The results are well presented in Table 4.2. From the spectrum in Figure 4.4 (a), at a 

region of 3250 cm-1, the -OH group forms a broad stretch from the ethylene glycol 

structure. From spectrum Figure 4.4 (c) at 3255 cm-1, there is a broad stretch with an 

observable increase in wavenumber due to the vibrational stretching of the -OH group, 

resulting in the formation of DES 1. The low-level water, such as that absorbed during 
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preparation and handling, does not significantly perturb the DES structure but alters 

the intermolecular interaction strength.  Furthermore, this observable shift to a higher 

wavenumber was subject to interaction from hydrogen bonds that exist between 

molecules of ethylene glycol and choline chloride. The band at 2900 cm-1 Figure 4.4 

(c) refers to the C-H stretching. The band at 1500 cm-1 to the -CH2 bending of an alkyl 

group, and the band at 1085 cm-1 is attributed to C-O stretching, a band at 1004 cm-1, 

is attributed to C-C-O asymmetric stretching and a band at 820 cm-1 attributes to C-C-

O asymmetric stretching. Moreover, an additional characteristic band at 950 cm-1 

indicates the C-N+ stretching CCl. These results have proved that EG mostly 

dominated DES 1. It is worth noting that the appearance of -CH2 peaks at 1500 cm-1 is 

quite different for all (a), (b) and (c) of which with (c) it is quite distinctive that it 

resembles the features of both (a) and (b) wherein the features of (b) are more 

distinctive. Moreover, the distinctiveness of the -CH2 peak at 1500 cm-1 is supported 

by 1:2 mole ratio used during the synthesis process where (a) had higher ratio. The 

formation of DES 1 was through the electrostatic forces as well as H-bonding between 

ethylene glycol and choline chloride. These results were also corroborated by the 

literature reports [68].  

Table 4.2: FTIR characterization for (a) ethylene glycol (EG), (b) choline chloride (CCl) and 

(c) DES 1 

Functional group Ethylene glycol Choline chloride DES 1 

-OH 3250 cm-1 3240 cm-1 3255 cm-1 

C-H 2900 cm-1 2999 cm-1 2900 cm-1 

-CH2 1500 cm-1 1500 cm-1 1500 cm-1 

C-O 1085 cm-1 1086 cm-1 1085 cm-1 

C-N 950 cm-1 955 cm-1  950 cm-1 
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Figure 4. 4: Spectrum for DES 1 and its reagents. (a) ethylene glycol (EG), (b) 
choline chloride (CCl) and (c) DES 1. 

 

These results are well presented in Table 4.3. For spectrum Figure 4.5 (a), the 

vibrational band at 3250 cm-1 represents the -OH group from CCl structure. The band 

at 1500 cm-1 represents the -CH3 group. The vibrational band at 1400 cm-1 represents 

the -NH2 group. From spectrum Figure 4.5 (b), broad stretching at 2999 cm-1 

represents the -OH group from LA structure. The vibrational band at 1700 cm-1 

represents the C=O group aliphatic ketone. Furthermore, the 1435 cm-1 and 1200 cm-

1 vibrational bands represent -C=O of the carbonyl compound. Spectrum Figure 4.5 

(b) confirms its classification as a keto-acid.  The vibrational bands in spectrum Figure 

4.5 (c) at 2999 cm-1 and 1400 cm-1 indicate the presence of -CH3 group. Moreover, 

the band at 1698 cm-1 represents the C=O of the carbonyl compound.  Additionally, 

the bands at 1300 cm-1, and 1200 cm-1 represent the -C=O of the aliphatic ketone 

group. The band at around 1100 cm-1 refers to an ester or ketone compound.  

Additionally, the shift in wavenumber on the spectrum Figure 4.5 (c) indicates the 

successful synthesis of DES 2. Strong hydrogen bond form higher surface tension 

which generally gets disturbed at high temperature due to increase in kinetic energy 

and decrease in cohesion forces which ultimately results in reduction of surface 

tension. Hydrogen bonding and alkyl chain are the crucial for the formation of DES 2. 

It is worth noting that the levulinic acid spectrum and DES 2 are more identical which 

 

 

 

 

 

 

 

EG 

CCl 

DES 1 

(a) 

(b) 

(c) 
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confirms that the 2-mole ratio of the levulinic acid over 1 mole ratio of choline chloride 

influenced this to a certain extent. Furthermore, DES 2 spectra has shown distinctive 

characteristics of both LA and CCl which confirms their reactivity. However, spectrum 

Figure 4.5 (c) also shows that LA mostly influenced DES 2. These results were also 

corroborated by what was reported in the literature [69]. 

Table 4.3: FTIR characterization for (a) Choline chloride (CCl), (b) Levulinic acid (LA) and 

(c) DES 2 

Functional group Levulinic acid Choline chloride DES 2 

-OH 2999 cm-1 3250 cm-1 2999 cm-1 

-CH3 2900 cm-1 1500 cm-1 1400 cm-1 

-NH2  1400 cm-1 1350 cm-1 

C=O 1700 cm-1  1698 cm-1 

 

 

Figure 4. 5: Spectrum for DES 2 and its reagents; (a) choline chloride (CCl), (b) 
levulinic acid (LA) and (c) DES 2 

 

The results are well summarised in Table 4.3. The stretching vibration bands 

in Figure 4.6 (c) at 3450 cm-1 represent the -N-H symmetric and asymmetric 

stretching. At 3300-3450 cm-1 is an -OH peak.  The peak at 1650 cm-1 represents the 

 

 

(a) 

(b) 

(c) 



162 
 

C=O. A vibration band at 1470 cm-1 represents the N-H group. Lastly, the peak a 1382 

cm-1 represents the C-N group on urea. From spectrum Figure 4.6 (b), the vibrational 

band at 3330 cm-1 represents the -OH group. The characteristic peak at 2999 cm-1 

represents a -CH3 group. The vibrational peak at 1490 cm-1 represents the -CH2 

bending. A peak at 950 cm-1 represents the C-C stretching of the CCl. A broad 

stretching at around 3485 cm-1 represents the -OH and N-H groups. During the 

synthesis process, the peak was deformed by the hydrogen bond interactions between 

urea and choline chloride. 

Furthermore, spectrum Figure 4.6 (a) shows urea dominated more than choline 

chloride during the synthesis process. The vibrational peak at 1550 cm-1 represents 

the C=O group, while the peak at 1400 cm-1 represents the N-H group. The observable 

slight blue shift indicated the formation of the hydrogen bonds between the amino 

group of urea and chlorine of the choline chloride. These results were also 

corroborated by what was reported in the literature [70]. The appearance of the spectra 

for DES 3 and urea has proved to show that the 2-mole ratio of the urea had played a 

significant role between the bonding of choline chloride with urea. There are some 

significant identified peaks from choline chloride that does indicate its 1 mole ratio 

during the synthesis process of DES 3. Urea can form a liquid DES with CCl at room 

temperature, apparently due to their stronger ability to form hydrogen bond 

interactions with CCl. 

Table 4.4: FTIR characterization for (a) DES 3, (b) Choline chloride (CCl) and (c) Urea 

Functional group Urea Choline chloride DES 3 

-OH  3485 cm-1 3330-3500 cm-1 

-NH 3450 cm-1 3485 cm-1 3445-3500 cm-1 

C-N 1382 cm-1 1490 cm-1 1385 cm-1 

-CH3  3000 cm-1  

-CH2  1490 cm-1 1490 cm-1 

C-C  950 cm-1 949 cm-1 

C=O 1650 cm-1  1650 cm-1 
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Figure 4. 6: Spectrum for DES 3 and its reagents; (a) DES 3, (b) choline chloride 
(CCl) and (c) Urea.  

 

4.7.1.2. Nuclear magnetic resonance (NMR) spectroscopy. 

The samples were prepared in dimethyl sulfoxide-d6 (DMSO) before analysis. 

The 1H NMR and 13C NMR spectra were recorded using Varian Mercury 300 MHz 

NMR spectrometer (Varian Inc., Palo Alto, CA, USA) 

Figure 4.7 shows the 13C NMR of DES 1. All the carbons are well labelled from 

the structure on the NMR spectrum below. At a 67.27 ppm chemical shift (δ) of C2, a 

-CH2 of CCl. At a chemical shift (δ) of 63.32 ppm are C3 and C4, which are two -CH2 

bonded to group -OH from the EG. At a chemical shift (δ) of 55.35 ppm is C1 

representing a -CH2 bonded to an -OH group. Lastly, at a chemical shift (δ) of 53.24 

ppm is C5 represents the three -CH3 groups bonded to a nitrogen of the CCl. The 13C 

NMR spectrum has confirmed all the carbons in the structure of DES 1, which shows 

that DES 1 was successfully synthesised, and the results are comparable with 

literature reports. It is worth noting that C1 and C5 were more shielded, while C2, C3 

and C4 were less shielded [71]. 

 

(c) 

(b) 

(a) 
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Figure 4. 7: DES 1 13C NMR spectrum. 

 

Figure 4.8 is 1H NMR shows all the hydrogens that make up DES 2 structure. 

The positions of all the hydrogen are well presented on the spectrum below along on 

their structure. HC is a singlet at a chemical shift (δ) of 2.13 ppm because it has no 

neighbouring carbon to account for its multiplicity. At a chemical shift (δ) of 2.42 ppm 

is Hb from CCl which is supposed to be a multiplet since it is getting its multiplicity from 

the two neighbouring hydrogens, HC and Ha. This might have been affected by 

moisture forming during the synthesis process. At a chemical shift (δ) of 2.68 ppm Ha 

from CCl, which has shown as a singlet, it was supposed to be a doublet of a triplet 

due to the neighbouring hydrogens from He and Hb. At a chemical shift (δ) of 3.22 ppm 

is Hd, a broad singlet that was supposed to be doublet due to the neighbouring Hf. A 

chemical shift (δ) of 3.51 ppm is for an -OH group on EG structure labelled Hf, which 

appears as a singlet, while it was supposed to be a triplet due to the neighbouring Hf. 

At a chemical shift, (δ) of 3.88 ppm is an -OH group from CCl labelled He, which 

appeared as a singlet while it was supposed to be a triplet, getting its multiplicity from 

Ha. All these observable changes in the appearance of the peaks are attributed to the 

presence of water that was formed as moisture during the synthesis process. The 

reported results are comparable with the literature [71]. 
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Figure 4. 8: Proton NMR for DES 1 

 

The 13C NMR spectrum results for DES 2 are shown in Figure 4.9. From the 

figure below, a peak at 174.59 ppm represents C1, a quaternary carbon of the -CH3 of 

the LA. At a chemical shift (δ) of 167.11 ppm is a C8, carbonyl (-C=O) carbon of the 

LA. At a chemical shift (δ) of 77.56 ppm is a C5, another carbonyl (-C=O) group from 

the LA. At 65.92 ppm, chemical shift (δ) is C3 and C4 from the LA compound. At 37.98 

ppm is C2, a carbonyl (-C=O) bonded to a quaternary carbon of -CH3 from the LA. At 

29.96 ppm is C6 is a -CH2 bonded to an N group. At 28.18 ppm is C7, a -CH2 bonded 

to an H group. From the spectrum, it is worth noting that C1 and C8 were more 

dishielded, followed by C2, C3, C4 and C5. Furthermore, C6 and C1 were more shielded 

from the spectrum. The results were comparable with the literature reports. This 

proves that DES 2 was successfully synthesised [72]. 
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Figure 4. 9: DES 2 13C NMR spectrum 

 

The 1H NMR spectrum shows the total number of hydrogens on the compound. 

From the spectrum below on Figure 4.10, at a chemical shift of 5.23 ppm Ha, a broad 

singlet gets its multiplicity from the -CH3 of Hb. A chemical shift at 4.42 ppm from He is 

a singlet, which gets its multiplicity from Hd of the -OH group. The chemical shift at 

3.57 ppm represents a doublet which was expected to be a multiplet due to Ha from 

the -CH3 group. At a chemical shift of 3.22 ppm and 3.14 ppm, a doublet of Hd is 

caused by the He from the -OH group. Lastly, at 2.92 ppm, a broad singlet of Hc is 

attributed to the hydrogens on -CH3. The results presented show a successful 

synthesis of DES 2, although the multiplicity was inconclusive, which may have been 

due to the presence of water moisture during the synthesis process. The results 

presented were comparable with those of the literature reports [72].  
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Figure 4. 10: Proton NMR for DES 2 

 

Figure 4.11 below shows a 13C NMR spectrum for DES 3. At a chemical shift 

(δ) 161.48 ppm is C3 and C4, which is a -C=O bonded to a nitrogen from the urea 

compound and more dishielded. At a chemical shift (δ) 67.35 ppm is C2 from -CH2 of 

the CCl and it was less shielded. At a chemical shift (δ) 55.04 ppm is C1 -CH2 bonded 

to an -OH group from CCl. At a chemical shift (δ), 52.93 ppm is C5 from -CH3 groups 

of the CCl. Moreover, it is worth noting that C1 and C5 were more shielded [73]. 
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Figure 4. 11: DES 3 13C NMR spectrum 

 

From the Figure 4.12 below, it is showing the 1H NMR of the newly formed DES 

3. Broad singlet at chemical shift (δ) at 5.87 ppm belongs to Ha of the -NH2 group of 

the urea. The broad singlet at chemical shift of δ 3.08 ppm belongs to the Hb three -

CH3 groups from CCl compound. The singlet at a chemical shift (δ) of 3.77 ppm can 

be attributed to by Hc from the methylene protons attached to the N atom (N-CH2) from 

CCl, followed by another singlet signal at a chemical shift (δ) of 3.39 ppm of Hd of the 

second methylene group (-CH2O) from CCl compound. Lastly, a peak at a chemical 

shift (δ) of 5,46 ppm is He from the OH of CCl compound. These results have proved 

that DES 3 was successfully synthesised. However, the peak at 3.99 ppm could have 

been attributed to by water moisture generated during synthesis. The multiplicity of 

this proton NMR was inconclusive. This might have been affected by the instrument's 

resolution, or they were supposed to be extracted more for a clear visibility of the peaks 

appearance.  Nonetheless, the spectrum perfectly confirmed the protons [73]. 
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Figure 4. 12: Proton NMR for DES 3 

 

4.8. Univariate optimization: DES type, sample volume and eluting 
solvent selection 

4.8.1. DES type and sample volume 

Three types of DES were prepared and investigated for their extraction 

recoveries in different sample volumes; the results are represented in Figure 4.13. As 

seen from the graph below, in comparison to the performance of all three DESs, DES 

1 has shown to perform best in all sample volumes, giving the highest recoveries. DES 

2 has shown the highest extraction recoveries in sample volume 1 mL only while the 

lowest recoveries were obtained with other volumes. Lastly, DES 3 has also shown to 

be promising since it also gave high recoveries. DES 3 was competitive with DES 1 

with their performance on extraction. Moreover, their performance has shown that 

DES 1 and 1 mL sample volume had a direct proportional relationship with their 

performance during optimization. These results conclude that DES 1 and 1 mL sample 

volume is best suitable for extracting analytes of interest. Furthermore, DES 3 has 

also proved to perform best, which can be recommended for further research. The 

selection of the sample volume of 1 mL was also influenced by the type of eluent 

solvent as presented in Figure 4.14. Additionally, although the extraction recoveries 

of these NEOs with DES 1 in all sample volumes investigated, the choice of the 1 mL 

was also influenced by the option of cost effectiveness with the vegetable oil used in 
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support with abiding with the principles of green chemistry as one of the main objective 

of this study. 
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Figure 4. 13: Effect of DES type versus sample volume 

 

4.8.2. Solvent type 

The type of solvent to be used for eluting the NEO analytes during the univariate 

optimisation was also investigated. The four different types of solvents were studied, 

which include acetonitrile (ACN), chloroform (CHCl3), dichloromethane (DCM) and 

methanol (MeOH) and their performance were reported in Figure 4.14. Figure 4.14 

shows that ACN presented the highest extraction recovery on DES 1 followed by DES 

3 and lastly, with DES 2. The CHCl3 shows the highest extraction recoveries on DES 

3, followed by DES 1, and DES 2 indicates the lowest. Additionally, DCM proved to 

behave the same way as the ACN, showing the highest extraction recoveries on DES 

1, followed by DES 3, while DES 2 showed the lowest extraction recoveries. Lastly, 

MeOH has demonstrated the highest extraction recoveries on DES 1 followed by 

acceptable recoveries on DES 2, while nothing was recovered for DES 3 with this 

solvent. From the results presented, it was then concluded that ACN is the best eluting 

solvent, and this proved to be good since it also performed best on the selected type 

of DES as discussed in the above results in Figure 4.14. 
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Figure 4. 14: Effect of eluting solvent type. 

 

The results shown in Figures 4.13 and 4.14 have given conclusive results that 

as continuing with multivariate optimization, the univariate results have shown that 

DES 1, a sample volume of 1 mL and ACN eluting solvent will be suitable for the 

method development. 

4.9. Multivariate optimization 

4.9.1. Full factorial design (FFD) 

The results obtained from screening (FFD) are represented in Pareto charts 

shown in Figure 4.15. The results were examined by using the analysis of variance 

(ANOVA) at 95 % confidence level (α=0.05). The pareto chart for ACT shown that only 

DES volume was significant, and the other parameters were insignificant. The IMI also 

shown that DES volume was significant. The TCL has shown that eluting time was 

significant along with the interaction of eluent volume and eluting time. From TMX 

pareto chart, the extraction time and DES volume were found to be significant along 

with the interactions of extraction time and eluting time, together with the interactions 

of eluting volume and DES volume. From the pareto chart, the results of all the four 

analytes studied were found to be significant while only one parameter was 

insignificant. The four significant parameters were extraction time, DES volume, 

eluting time and eluent volume while only pH was insignificant. Since this was a 
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simultaneous determination, each analyte behaved differently to each parameter. 

However, for further optimization, all the significant parameters were used.  

Figure 4. 15: Pareto charts for (a) ACT, (b) IMI, (c) TCL and (d) TMX. 

 

4.9. Response surface methodology (RSM) 

The significant parameters were further optimized using the CCD design of 

experiments and the results were reported in 3D surface plots shown in Figure 4.16 

below. The ACT results from the surface plot Figure 4.16 (a) have indicated that as 

the eluent volume increases and the eluting time is increased, the extraction recovery 

also increases. The results for Figure 4.16 (a) shows two cases wherein at low eluent 

volume and high extraction time the extraction recoveries also increase. The IMI 

surface plot Figure 4.16 (b) has shown that the extraction recoveries increase as the 
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eluent volume decreases with increasing eluting time. However, IMI, from the surface 

plot other side of the dome, shows that as the eluent volume increases along with 

eluting time, the extraction recoveries also increase. The TCL plot Figure 4.16 (c) 

shows that the extraction recoveries also increase as the eluent volume increases with 

increasing eluting time. Lastly, TMX Figure 4.16 (d) has also shown that as we 

increase the eluent volume and extraction time, the extraction recoveries also 

increase. This shows a direct proportionality relationship between the eluent volume 

and the eluting time, proving that an increase in eluent solvent volume increases the 

number of analytes that will be redispersed in the centrifuge tube. The analysis of 

variance (ANOVA) from CCD deduced the quadratic equations showing the interaction 

between the parameters studied. The equations are shown below from equation 4.8-

4.11. the factors were represented as follows A, extraction time, B, eluent volume, C, 

DES volume, D. eluting time and E. pH, respectively. The Student's t-test is employed 

to further explain this concept. The Student's t-test states that the positive value 

coefficient means that high value of that parameter would lead to an increase in 

extraction percentage and the negative coefficient value means that low value of that 

parameter would increase extraction percentage. However, it is worth noting that from 

this studies screening the Student's t-test gave negative coefficient value which then 

concludes that the neutral pH value would be considered to give high extraction 

recoveries and thus was also supported by literature studies. The pH parameter that 

was insignificant was kept at neutral for further optimization and this was corroborated 

from the literature methodology followed when designing this method. 

ACT = 264 - 202C + 12.7A - 129.5B + 1.43D + 3.6C2 + 0.24A2 + 1.0B2 - 0.0021D2 - 

6.9CA + 177.7CB - 0.29CD + 0.10AB - 0.217AD - 0.296BD …..… equation 4. 8 

IMI = 182.3 - 69C - 4.8A - 92.1BD - 16.9C2 - 1.017A2 - 6.04B2 - 0.0213D2 + 5.57CA + 

51.6CB - 0.321CD + 8.50AB - 0.039AD + 0.371BD …………....equation 4. 9 

TCL = 305 - 20C - 12.1A - 4B - 2.54D + 60C2 + 0.75A2 + 15.5B2 - 0.0012D2 - 12.8CA 

- 40.6CB + 0.55CD + 0.27AB + 0.315AD - 0.25BD .….……… equation 4. 10 

TMX = 13.3 + 136C - 11.2A + 0.9B + 4.24D - 0.4C2 + 0.107A2 - 13.5B2 - 0.0154D2 - 

3.3CA + 23.7CB - 2.75CD + 7.14AB + 0.082AD - 0.506BD …….. equation 4. 11 

Furthermore, after estimating the parameters effect and determining the 

significant factors affecting extraction recoveries, an analysis of variance (ANOVA) 
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was used to check if the developed method fit the analytes [74]. Since the factors in 

this study have two levels, each ANOVA main effect and interaction effect had one 

degree of freedom [75]. The method performance for each analyte was also 

investigated by looking into the P values. From the P value, when the P < 0.05 level 

of significance it means that analytes does not fits the model, while if P > 0.05 level of 

significance it means that the data does fit the model [76]. However, from the studied 

NEOs, only TCL was found to not fit the model with a P value of 0.003 below 0.05, 

while the other analytes were found to fit the model since they had values greater than 

0.05. Their P values were 0.087 for TMX, 0.520 for ACT and 0.149 for IMI, 

respectively. This leads us to the conclusion that since 99 % of the analytes fits the 

model then this method can be considered to be good for analysis of these analytes. 

The P value rule also applies to the parameters studied. The main effect of each 

parameter and the interaction effects are statistically significant at P < 0.05. 

 

Figure 4. 16: Surface plots for eluent volume versus eluting time (a) ACT, (b) IMI, 
(c) TCL and (d) TMX. 
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4.10. Method validation 

Method performance was studied, and the results will be discussed in this 

section. The developed method was validated in terms of their accuracy, precision, 

LODs, LOQs and linearity. From the calibration curve for each analyte recorded at R2 

values of ACT at 0.9989, IMI at 0.9994, TCL at 0.9997 and TMX at 0.9992 which 

showed good linearity. Table 4.4. below shows the calibration equations and 

correlation coefficients for NEO. Additionally, the correlation coefficient (R2) is closer 

to 1, suggesting a linear relationship exists between different concentrations of the 

analyte of interest on calibration standards. The method has proved to show good 

accuracy from 79-119.58 %. 

Method validation was done in terms of intra- and inter-day precisions recorded 

at 0.61-1.62 % for intraday and 0.1-0.95 % for inter-day, which shows relatively good 

precision and indicates that the method has excellent reproducibility. The limit of 

detection and quantification are recorded at 0.4-4.95 ng. µL-1 and 1.43-9.7 ng. µL-1, 

respectively. The lowest concentration at which detection is practical and at which a 

blank sample may be reliably targeted is known as the LOD. The lowest quantity of 

analyte in a sample that can be quantitatively determined with appropriate precision 

and accuracy is referred to as the lower limit of quantification, or LOQ. This has proved 

to show that this method was sensitive and repeatable. The LOQ value of each analyte 

that correlated with a signal-to-noise ratio (S/N) of 10 was determined to be the lowest 

point of the calibration curve. In simple terms, the LOQ is the lowest concentration of 

the analyte that can be quantified with acceptable accuracy while LOD refers to the 

analyte concentration that gives a signal to noise ratio of 3.  

Table 4. 5: Representation of the calibration equations and correlation coefficients of 
each analyte. 

Analyte Equation  R2 

Acetamiprid Y = 0.0506x - 19.228 0.9989 

Imidacloprid  Y = 0.0245x - 25.156                        0.9994 

Thiacloprid Y = 0.0358x - 36.391                         0.9997 

Thiamethoxam  Y = 0.0469x - 49.153                            0.9992 
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4.11. Comparison of this method with other reported methods 

The performance of the developed method was compared with other reported 

methods in terms of some reported analytical figures, which are reported in Table 4.5 

below.  Since this study focused on developing a greener extraction method, the initial 

exemption was that only DES was a unique extractant compared to other methods. 

Because researchers have recommended DES as an emerging green solvent 

because of their advantages like low cost, low volatility and high biodegradability, just 

to mention few. The developed method for this study has shown high extraction 

recoveries of 79-119.58 % and extremely good precision of 0.1-1.62 %, which shows 

that this method persists excellent reproducibility. The extraction time for this method 

was also the fastest compared to the other methods. The developed method has 

shown great potential for future research since it is uses small sample volume, 

greener, produces less waste, is non-laborious and makes use of green solvents that 

are biodegradable of which it fits well to green chemistry principles. It is worth noting 

that the developed method does not have any additional steps, uses fewer organic 

solvents, uses less volumes of solvents and does not require any additional 

complicated sample preparations prior to preconcentration and extraction. 
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Table 4. 6: Comparison of the developed method with other reported methods 

Matrix 

 

Extraction 

method 

Analytes Detection 

technique 

LOD 

(ng. µL-1) 

Extraction 
time (min) 

Recoveries 

(%) 

RSD 

(%) 

Ref 

Rapeseed, 

Rapeseed 

Oil & 

Rapeseed 

Meal 

LLE ACT, IMI, 

TCL, TMX 

LC-MS/MS NR 7 70-118 NR [77] 

Sunflower 

seeds 

LLE ACT, IMI, 
CLO, TCL, 
TMX, DIN, 
NIT 

LC-MS/MS 0.0003-

0.0012 

10 70-120 2.4-9.6 [78] 

Edible oils DLLE ACT, IMI, 
TMX, TCL 

HPLC-DAD 0.11-0.36 21 58-83 NR [79] 

Vegetable 

oils 

DLLME ACT, IMI, 
TMX, TCL 

HPLC-DAD 0.4-4.95 4.5 79-119.58 0.1-1.62 This study 
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LLE- Liquid-liquid extraction, DLLE-Dispersive liquid-liquid extraction, DLLME-Dispersive liquid-liquid microextraction, HPLC-DAD- High 

performance liquid chromatography diode array detector, LC-MSMS- Liquid chromatography tandem mass spectrometry, LOD- Limit of detection, 

LOQ-Limit of quantification, RSD- Relative standard deviation 
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4.12. Matrix effect 

Matrix effect (ME) is generally the combined effect of all the components in the 

sample other than the analytes of interest. External calibration curves of the analytes 

of interest were constructed by plotting the peak area of each analyte against the 

known spiked concentration of the analyte, respectively. This was done by taking the 

average of the peak areas in triplicate injections from each concentration. 

Furthermore, from the reported results of this study, the analytes have shown good 

linearity with values at R2 ≥ 0.99, thus, this indicates that there was a linear relationship 

between different concentrations of the analyte of interest on calibration standards 

[80]. When comparing the slopes of the regression lines of the analytes in solvent and 

matrix, it shows a significant matrix effect when the slopes of the regression lines show 

a difference of more than 40%, respectively. The matrix effect phenomenon is 

associated with the efficiency of the sample preparation method used and the matrix 

type. The matric effects can be attributed to many sources such as the analyte's 

separation or ionisation process. To estimate if the matrix influences to a significant 

degree the peak area and, therefore, the sensitivity of the analytes, the slopes of the 

calibration curves of the spiked oils obtained from the four different vegetable oil 

samples compared to the calibration curves of the analytical standards prepared in a 

solvent were investigated for this study [63]. Farouk et al. (2016)  have reported that 

MEs ranging between +20% and -20% are regarded as low matrix effects; those 

ranging between -50% and -20% or between +20% and +50% are recognised as 

medium matrix effects; and those ranging between less than -50% and more than 

+50% are recognised as high matrix effects [81]. The results in Figure 4.17 show that 

all the analytes in the selected vegetable oils have suffered ion enhancement.  
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Figure 4. 17: Effect of matrix effect in selected vegetable oil. 

 

4.13. Assessment of method greenness 

The developed method was assessed for its greenness using the Analytical Eco-

Scale and Analytical GREEnness Metric calculator. The metric is based on the 10 

principles of green chemistry (significance), which have been transformed into a 

unified 0 -1 scale and presented with a final score in a pictogram. The AGREE metric 

has been user-friendly, comprehensive, easy to apply, and fast [82]. The AGREE 

follows the principles of green analytical chemistry (GAC). The 1-10 clockwise scale 

red-yellow-green colour scheme demonstrated the technique's performance against 

each principle. From the pictogram a specific colour on each category represents the 

degree of obedience to GAC principles. After the 10 principles in design of the 

pictogram have been evaluated on an AGREE calculator, a clock-like graph was 

created, with the overall score in colour displayed in the centre. In comparison, the 

matching segment's width reflected each principle's weight. The total score in the 

centre of the pictogram, with values near one and a dark green tint, indicates that the 

tested technique is more environmentally friendly [83]. 

The developed method was considered greener than the AGREE tool, which 

means it is environmentally friendly. The developed method was scaled at 0.67, which 

is fit to be greener, and the results are represented in Figure 4.18.  
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Figure 4. 18: AGREE pictogram for DLLME. 

 

4.14. Application of DES-DLLME in real vegetable oils 

The concentrations of the selected NEOs for this study were calculated using the 

equations generated when investigating the matrix effect. This was done by spiking 

the real oil samples with a known concentration for generating the standard calibration 

curves. A total of 20 experiments with 5 experiments for each vegetable oil. These 

were conducted using the previously deduced optimum conditions applied during 

method validation (1 mL sample volume, 4 mL n-hexane, 0.8 mL DES, 4.5 min 

extraction, 0.5 mL eluting solvent and 75 s eluting time). The results show that all the 

analytes were below the detection limits in all four different types of oils used for this 

study. Detection limit refers to the lowest concentration at which detection is practical. 

Thus, this means these vegetable oils are free of these NEOs, meaning they are safe 

for human consumption. The results are shown in Table 4.6.  
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Table 4. 7: Concentration levels of the NEOs in selected vegetable oil samples. 

Analyte Avocado oil Canola oil Olive oil Sunflower oil 

ACT < DL < DL < DL < DL 

IMI < DL < DL < DL < DL 

TCL < DL < DL < DL < DL 

TMX < DL < DL < DL < DL 

DL- detection limit 

For further confirmation of the development of the method and its application in 

real commercial vegetable oil samples, a typical chromatogram was drawn showing 

the signal peaks of the analytes in real sample, spiked at 50 ng.µL-1 and 300 ng.µL-1, 

respectively. The results are presented in Figure 4.19. The results show that the 

concentration of the NEOs in real samples is very similar to the appearance of the 

signals when spiked with a known concentration. This is concluded by the fact that 

even the signal peak appearance increases as the spiking concentration increases. 

There is a direct proportional relationship between the concentration of the analytes 

and how the peak appears on the chromatogram. Moreover, this confirms that the 

commercial vegetable oils are free of these NEOs. Furthermore, it is worth noting that 

the appearance of peaks of analytes on the spiked and real vegetable oil samples has 

shifted in terms of time at which they appear on the spectrum compared to how they 

appear on the standard. Such also confirms that the matrix has an influence on these 

analytes to a certain extent. From Figure 4.19 (a), (c) and (d) there was an observable 

solvent peak that was showing before the appearance of the analytes. Furthermore, 

as a way of verifying if the method can be applied for determination of the NEOs is 

other vegetable oils, the method was applied to all the four vegetable oils and their 

recoveries and RSDs are shown on Table 4.7. The spiked recoveries of the NEOs 

were at a range of 77-99.6 % with the %RSDs at less than 4 as shown in Table 4.7. 

These results show the application potential for the determination of the NEOs in real 

vegetable oils. 
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Table 4. 8: Different concentrations studied in four vegetable oils. 

Sample  Analytes Spiked concentrations 

(n=3) 

 

  Recoveries (%) (%RSD)  

  0 ng.µL-1 50 ng.µL-1 300 ng.µL-1 

Avocado oil ACT ND 92.8 (1.2) 96 (2.2) 

 IMI ND 90 (2.3) 93.2 (2.9) 

 TCL ND 81.1 (2.6) 99.6 (2.3) 

 TMX ND 88 (2.0) 93.3 (1.2) 

     

Canola oil ACT ND 85 (1.6) 99 (2.1) 

 IMI ND 93 (2.3) 95.2 (1.8) 

 TCL ND 79 (3.7) 87 (1.2) 

 TMX ND 88 (3.1) 107 (3.3) 

     

Olive oil ACT ND 95 (2.2) 90.1 (1.9) 

 IMI ND 98 (1.4) 86 (2.1) 

 TCL ND 96.6 (1.8) 93 (1.5) 

 TMX ND 86.3 (2.4) 78 (4) 

     

Sunflower oil ACT ND 83.1 (0.7) 98.7 (2.3) 

 IMI ND 99.6 (2.3) 97.9 (1.6) 

 TCL ND 80.1 (1.6) 77 (3.6) 

 TMX ND 88 (1.1) 89.7 (2.6) 
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Figure 4. 19: Chromatograms of real commercial vegetable oils and spiked vegetable 
oils (a) real sample, (b) analytes standard, (c) spiked real sample 50 
ng.µL-1 and spiked real sample 300 ng.µL-1. 

 



 

4.15. Conclusion  

This study concludes that the DESs were successfully synthesised, 

characterized and applied as extractant for the NEOs from vegetable oils. DESs were 

favoured for this study since they are emerging green solvents with and added 

advantage environmentally friendliness, time efficient synthesis, and their persistence 

in low volatility. The developed method was greener, simple, rapid and sensitive, thus 

was proven by the AGREE tool and analytical performance of this method. The 

method was validated and applied in real samples. The real sample results have 

proved that the vegetable oils were free on these NEOs. The DES-DLLME results 

shows that this technique exhibits high extraction recoveries, low limit of quantification 

and detection, short extraction time, and good repeatability. According to the AGREE 

and principles of green analytical chemistry (GAC), this method was greener. The 

matrix-matched calibration curves were constructed, and the results has shown that 

the matrix effect influences the appearance of the peaks on the spectra of the analytes 

to a certain degree. The results for the matrix effect have demonstrated that the NEOs 

in all four of the selected vegetable oils have suffered ion enhancement. Furthermore, 

Figure 4.17 also shows the matrix's effect in vegetable oils compared to the analytical 

standard. For future recommendations, DES 3 can be used for further studies of the 

NEOs in different matrices since it has proved to be a promising extractant that gives 

good extraction recoveries. 
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CHAPTER V (OVERALL CONCLUSION & FUTURE RECOMMENDATIONS) 

5.1 Overall conclusion 

The objective of this research was to create more environmentally friendly, 

quick, and effective techniques for identifying NEOs in samples of vegetable oil. 

Dispersive liquid-liquid extraction (DLLME) and magnetic solid phase microextraction 

(MSPME) were the two developed techniques. The MSPME method made use of the 

magnetic nanocomposites for simple separation and extraction of the adsorbed 

analytes using the magnetic field. The synthesised magnetic nanocomposite utilised 

the agricultural waste. The dried lemon peel was used to prepare the lemon solution 

that was used as a surfactant during synthesis. The AC has shown to play a significant 

role in overcoming the agglomeration from Fe3O4. The Fe3O4@Al2O3/AC 

nanocomposite was successfully synthesised, characterized and during 

preconcentrating of the NEOs showing high extraction recoveries. Its chemical 

composition and particle size was confirmed by different characterization techniques 

discussed in Chapter 3. There was an observable particle size decreased confirmed 

by TEM (Figure 3.5) and PXRD indicated the particle size increase (Figure 3.3). The 

activated carbon has proved to play a crucial role in dispersion of the nanoparticles 

counteracting the agglomeration limitation of the Fe3O4. Furthermore, it is worth to 

note that AC again increases the surface area for analytes adsorption. The reusability 

studies conducted showed good reusability of Fe3O4@Al2O3/AC in eight cycles with 

exponential decrease in extraction recoveries. The optimized parameters that had 

influence on extraction and preconcentration were extraction time, sample volume, 

eluent solvent, adsorbent mass, type of DES, pH and eluent volume. The 

Fe3O4@Al2O3/AC was successfully applied in MSPME, and it gave good extraction 

recoveries for the NEOs. The method GREEness was also evaluated using the 

AGREE tool and it was scaled at 0.54 which tell us that the method was found to fall 

under the range of being greener. The method accuracy was 80-119.21 % and 

precision were ≤ 10 %. The limit of detection and limit of quantification were recorded 

at 0.5-1.76 ng. µL-1 and 1.87-6.62 ng. µL-1. 

The DLLME method also followed the green chemistry route by using the deep 

eutectic solvent (DES) as the extractant. The DES were successfully synthesised, 

characterised, and applied for extraction of the NEOs. The successful synthesis of 
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DES was confirmed by the FTIR, and the NMR reported in Chapter 4 Figure 4.5, 4.9 

and 4.10, respectively.  The DES were selected because of their biocompatibility and 

easy synthesis. Method performance was investigated following analytical figure of 

merits and method GREEness evaluated using the AGREE tool. The developed 

method was found to be greener with a value of 0.64 from the AGREE calculator. The 

method also showed high accuracy of 79-119-58 %. The precision was recorded at < 

0.9 % with the limit of detection and limit of quantification at 0.4-4.95 ng. µL-1 and 1.43-

9.7 ng. µL-1. According to analytical figure of merits, it has shown that the DESA-

DLLME has performed better than MSPME in terms of extraction recoveries and 

precision. 

Furthermore, in comparison of the two developed method, the DLLME was 

found to be greener compared to MSPME according to the principles of green 

analytical chemistry (GAC). The use of the green solvent (DES) is one of the 

contributing factors to these results. Moreover, it is worth to note that the DLLME 

method was also more rapid that the MSPME method with less tedious steps and use 

of less amount of organic solvents while generating less hazardous waste. The 

extraction time for DLLME was 4.5 min whereas for MSPME was 8 min. additionally, 

with the GREEness evaluation, due to the GAC principle DLLME was found to be 

greener compared to MSPME with 0.67 scale over 0.54. DLLME was also more 

precise than MSPME. This overall conclusion is that DLLME method is better 

compared to MSPME, because it is greener, rapid and efficient. The shortcoming with 

characterization with BET to check the surface area, pore size and pore diameter for 

the Fe3O4, Fe3O4@Al2O3 and Fe3O4@Al2O3/AC nanocomposite for future work due to 

malfunctioning of the instrument. 

5.2 Future recommendations 

The synthesis route of Fe3O4 need to be reconsidered since the thermal 

decomposition method on this study made use of high temperatures of 250 oC which 

was human not human friendly and consumed lot of energy. Alternatively, the silicone 

oil heating can be replaced with using the sand bath which does not subject an 

individual to dangers of getting burnt. When using silicone oil bath, once a drop of 

water falls inside the heating oil it starts to bubble out spreading hot drops of oils. The 

AC need to be further explored since it has shown excellent activity with counteracting 
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the agglomeration from the Fe3O4. Furthermore, the larger surface area of the AC has 

also contributed to high extraction recoveries of which it can be retained as a 

supporting material for the Fe3O4. For characterization of the Fe3O4@Al2O3/AC and its 

fragments need to be done to confirm the thermal stability, surface area, pore volume 

and pore diameter of the nanocomposite. Since the performance of DES 3 (CCl:Urea) 

in terms of extraction recoveries was relatively good in this study, it is recommended 

for further studies on determination of these pesticides.  

The method performance of MSPME has proved that this method can be 

applied due to its simple separation using the magnetic field is the selling point for its 

preference. Moreover, the robustness, selectivity and sensitivity of the method is 

acceptable with only the shortcoming of the synthetic method of the adsorbent. The 

statistical studies need to be further explored. 

The LC-MS can be used for further analysis of real samples because it is more 

sensitive and precise being able to show the fingerprint of the analytes.



 

APPENDIX  

Preamble 

This section shows the design of experiments tables and supporting information for factorial design and response surface 

methodology that were used on magnetic solid phase microextraction and deep eutectic solvent dispersive liquid liquid 

microextraction as discussed in Chapter 3 and 4. 

Magnetic solid phase microextraction optimization 

TS1: Screening (FFD) design of experiment 

RunOrder 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

time (min) 

2 

8 

2 

8 

2 

8 

2 

8 

2 

8 

pH 

3 

3 

11 

11 

3 

3 

11 

11 

3 

3 

desoption vol (mL) 

0,5 

0,5 

0,5 

0,5 

1,0 

1,0 

1,0 

1,0 

0,5 

0,5 

sorbent mass (mg) 

20 

20 

20 

20 

20 

20 

20 

20 

90 

90 

%R ACT 

106,10 

94,00 

83,07 

84,13 

89,00 

96,70 

87,15 

63,79 

74,56 

90,15 

%R IMI 

66,28 

74,13 

115,61 

92,38 

111,12 

98,76 

84,85 

116,03 

70,52 

65,94 

%R TCL 

77,10 

68,60 

97,93 

66,90 

70,90 

89,20 

38,73 

47,50 

72,50 

118,73 

%R TCL 

108,10 

76,80 

68,42 

86,03 

98,82 

83,46 

60,36 

68,10 

99,32 

68,55 
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11 

12 

13 

14 

15 

16 

2 

8 

2 

8 

2 

8 

11 

11 

3 

3 

11 

11 

0,5 

0,5 

1,0 

1,0 

1,0 

1,0 

90 

90 

90 

90 

90 

90 

87,15 

118,64 

86,43 

58,70 

79,00 

96,88 

46,84 

59,22 

87,97 

64,70 

69,67 

84,78 

99,70 

88,41 

58,70 

79,60 

59,50 

43,00 

58.02 

113,17 

99,04 

66,58 

75,01 

86,10 

 

TS2: Response surface methodology (RSM) central composite design (CCD) 

RunOrder 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

pH 

3,0000 

7,0000 

7,0000 

7,0000 

7,0000 

7,0000 

11,0000 

11,0000 

11,0000 

7,0000 

7,0000 

Sorbent mass 

90,000 

55,000 

113,863 

55,000 

55,000 

55,000 

90,000 

20,000 

90,000 

55,000 

55,000 

Eluent vol 

0,50000 

0,75000 

0,75000 

0,75000 

1,17045 

0,32955 

0,50000 

0,50000 

1,00000 

0,75000 

0,75000 

Recoveries ACT 

81,25 

74,80 

37,39 

70,90 

53,80 

73,40 

71,00 

61,01 

70,08 

58,04 

74,56 

Recoveries TCL 

106,10 

94,00 

55,00 

98,54 

68,00 

84,13 

89,10 

87,18 

87,15 

68,30 

92,79 

Recoveries IMI 

108,62 

119,18 

66,80 

115,66 

70,50 

89,83 

105,60 

95,42 

119,20 

90,69 

99,74 

Recoveries TMX 

85,00 

83,20 

51,00 

83,04 

58,20 

76,60 

81,36 

76,70 

81,90 

63,79 

79,30 
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12 

13 

14 

15 

16 

17 

18 

19 

20 

7,0000 

11,0000 

3,0000 

13,7272 

7,0000 

7,0000 

3,0000 

0,2728 

3,0000 

3,863 

20,000 

90,000 

55,000 

55,000 

55,000 

20,000 

55,000 

20,000 

0,75000 

1,00000 

1,00000 

0,75000 

0,75000 

0,75000 

0,50000 

0,75000 

1,00000 

91,01 

32,53 

60,16 

99,09 

81,25 

48,91 

79,40 

58,87 

76,46 

114,68 

69,70 

87,15 

109,17 

91,08 

70,08 

83,36 

78,54 

98,03 

118,12 

73,80 

105,86 

118,64 

119,20 

83,20 

98,10 

82,79 

111,35 

110,10 

53,50 

78,16 

99,74 

86,43 

58,70 

80,04 

66,30 

96,88 

 

 

 

 

 

 

 

 

 

 

 



Response Surface Regression: Recoveries Acet versus pH. ... Eluent vol 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 5934,0 659,34 0,56 0,805 

  Linear 3 4039,2 1346,41 1,13 0,382 

    pH 1 623,4 623,40 0,53 0,485 

    Sorbent mass 1 230,2 230,23 0,19 0,669 

    Eluent vol 1 3185,6 3185,60 2,68 0,132 

  Square 3 1218,5 406,18 0,34 0,795 

    pH*pH 1 123,2 123,19 0,10 0,754 

    Sorbent mass*Sorbent mass 1 123,6 123,59 0,10 0,754 

    Eluent vol*Eluent vol 1 871,5 871,55 0,73 0,412 

  2-Way Interaction 3 717,7 239,23 0,20 0,893 

    pH*Sorbent mass 1 109,2 109,15 0,09 0,768 

    pH*Eluent vol 1 527,3 527,31 0,44 0,520 

    Sorbent mass*Eluent vol 1 81,2 81,22 0,07 0,799 

Error 10 11868,0 1186,80       

  Lack-of-Fit 5 10938,2 2187,64 11,76 0,009 

  Pure Error 5 929,8 185,95       

Total 19 17802,0          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

34,4499 33,33% 0,00% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 76,8 14,0 5,49 0,000    

pH 6,76 9,32 0,72 0,485 1,00 

Sorbent mass -4,25 9,64 -0,44 0,669 1,01 

Eluent vol -15,27 9,32 -1,64 0,132 1,00 

pH*pH 2,92 9,05 0,32 0,754 1,01 

Sorbent mass*Sorbent mass 3,2 10,0 0,32 0,754 1,02 

Eluent vol*Eluent vol -7,76 9,05 -0,86 0,412 1,01 

pH*Sorbent mass 3,7 12,2 0,30 0,768 1,00 

pH*Eluent vol -8,1 12,2 -0,67 0,520 1,00 

Sorbent mass*Eluent vol 3,2 12,2 0,26 0,799 1,00 

 

Regression Equation in Uncoded Units 

Recoveries 
Acet 

= 47 + 3,8 pH - 0,87 Sorbent mass + 162 Eluent vol + 0,182 pH*pH 
+ 0,00263 Sorbent mass*Sorbent mass - 124 Eluent vol*Eluent vol 
+ 0,0264 pH*Sorbent mass - 8,1 pH*Eluent vol 
+ 0,36 Sorbent mass*Eluent vol 
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Fits and Diagnostics for Unusual Observations 

Obs 
Recoveries 

Acet Fit Resid Std Resid  

1 106,1 64,5 41,6 2,10 R 

19 25,9 73,7 -47,9 -2,23 R 
R  Large residual 

 
Response Surface Regression: Recoveries TCL versus pH. ... . Eluent 
vol 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 5863,3 651,47 1,37 0,314 

  Linear 3 1704,9 568,29 1,20 0,360 

    pH 1 243,7 243,73 0,51 0,490 

    Sorbent mass 1 790,5 790,45 1,66 0,226 

    Eluent vol 1 670,7 670,69 1,41 0,262 

  Square 3 3680,2 1226,72 2,58 0,112 

    pH*pH 1 443,9 443,86 0,93 0,356 

    Sorbent mass*Sorbent mass 1 684,1 684,08 1,44 0,258 

    Eluent vol*Eluent vol 1 2240,9 2240,90 4,72 0,055 

  2-Way Interaction 3 649,8 216,60 0,46 0,719 

    pH*Sorbent mass 1 608,0 607,96 1,28 0,284 

    pH*Eluent vol 1 5,0 4,96 0,01 0,921 

    Sorbent mass*Eluent vol 1 36,9 36,89 0,08 0,786 

Error 10 4749,5 474,95       

  Lack-of-Fit 5 4224,0 844,79 8,04 0,020 

  Pure Error 5 525,5 105,10       

Total 19 10612,7          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

21,7932 55,25% 14,97% 0,00% 

 

 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 82,16 8,85 9,28 0,000    

pH 4,22 5,90 0,72 0,490 1,00 

Sorbent mass -7,87 6,10 -1,29 0,226 1,01 

Eluent vol -7,01 5,90 -1,19 0,262 1,00 

pH*pH 5,54 5,73 0,97 0,356 1,01 
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Sorbent mass*Sorbent mass 7,59 6,32 1,20 0,258 1,02 

Eluent vol*Eluent vol -12,44 5,73 -2,17 0,055 1,01 

pH*Sorbent mass -8,72 7,71 -1,13 0,284 1,00 

pH*Eluent vol -0,79 7,71 -0,10 0,921 1,00 

Sorbent mass*Eluent vol 2,15 7,71 0,28 0,786 1,00 

Regression Equation in Uncoded Units 

Recoveries TCL = 13,9 + 0,23 pH - 0,654 Sorbent mass + 263 Eluent vol + 0,346 pH*pH 
+ 0,00620 Sorbent mass*Sorbent mass - 199,0 Eluent vol*Eluent vol 
- 0,0623 pH*Sorbent mass - 0,79 pH*Eluent vol 
+ 0,245 Sorbent mass*Eluent vol 

Fits and Diagnostics for Unusual Observations 

Obs 
Recoveries 

TCL Fit Resid Std Resid  

5 0,0 35,2 -35,2 -2,60 R 

14 105,9 75,4 30,5 2,43 R 
R  Large residual 

 
Response Surface Regression: Recoveries Imi versus pH. ... . Eluent vol 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 8047,5 894,2 0,88 0,569 

  Linear 3 2873,2 957,7 0,95 0,455 

    pH 1 761,0 761,0 0,75 0,406 

    Sorbent mass 1 779,0 779,0 0,77 0,401 

    Eluent vol 1 1333,2 1333,2 1,32 0,278 

  Square 3 3596,0 1198,7 1,18 0,364 

    pH*pH 1 172,9 172,9 0,17 0,688 

    Sorbent mass*Sorbent mass 1 107,6 107,6 0,11 0,751 

    Eluent vol*Eluent vol 1 3082,3 3082,3 3,05 0,112 

  2-Way Interaction 3 1660,6 553,5 0,55 0,661 

    pH*Sorbent mass 1 819,9 819,9 0,81 0,389 

    pH*Eluent vol 1 434,1 434,1 0,43 0,527 

    Sorbent mass*Eluent vol 1 406,6 406,6 0,40 0,540 

Error 10 10121,6 1012,2       

  Lack-of-Fit 5 6136,5 1227,3 1,54 0,324 

  Pure Error 5 3985,1 797,0       

Total 19 18169,1          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

31,8145 44,29% 0,00% 0,00% 

Coded Coefficients 
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Term Coef SE Coef T-Value P-Value VIF 

Constant 94,6 12,9 7,32 0,000    

pH 7,47 8,61 0,87 0,406 1,00 

Sorbent mass -7,81 8,90 -0,88 0,401 1,01 

Eluent vol -9,88 8,61 -1,15 0,278 1,00 

pH*pH 3,46 8,36 0,41 0,688 1,01 

Sorbent mass*Sorbent mass 3,01 9,23 0,33 0,751 1,02 

Eluent vol*Eluent vol -14,59 8,36 -1,75 0,112 1,01 

pH*Sorbent mass 10,1 11,2 0,90 0,389 1,00 

pH*Eluent vol 7,4 11,2 0,65 0,527 1,00 

Sorbent mass*Eluent vol -7,1 11,2 -0,63 0,540 1,00 

Regression Equation in Uncoded Units 

Recoveries 
Imi 

= 43 - 10,7 pH - 0,39 Sorbent mass + 304 Eluent vol + 0,216 pH*pH 
+ 0,00246 Sorbent mass*Sorbent mass - 233 Eluent vol*Eluent vol 
+ 0,0723 pH*Sorbent mass + 7,4 pH*Eluent vol 
- 0,81 Sorbent mass*Eluent vol 

 
Response Surface Regression: Recoveries TMX versus ... ass. Eluent vol 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 4736,38 526,26 1,09 0,447 

  Linear 3 2044,75 681,58 1,41 0,298 

    pH 1 248,51 248,51 0,51 0,490 

    Sorbent mass 1 185,29 185,29 0,38 0,550 

    Eluent vol 1 1610,94 1610,94 3,32 0,098 

  Square 3 2364,62 788,21 1,63 0,245 

    pH*pH 1 416,55 416,55 0,86 0,376 

    Sorbent mass*Sorbent mass 1 61,58 61,58 0,13 0,729 

    Eluent vol*Eluent vol 1 1723,73 1723,73 3,55 0,089 

  2-Way Interaction 3 304,28 101,43 0,21 0,888 

    pH*Sorbent mass 1 214,76 214,76 0,44 0,521 

    pH*Eluent vol 1 48,07 48,07 0,10 0,759 

    Sorbent mass*Eluent vol 1 41,45 41,45 0,09 0,776 

Error 10 4849,68 484,97       

  Lack-of-Fit 5 4057,33 811,47 5,12 0,049 

  Pure Error 5 792,34 158,47       

Total 19 9586,06          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

22,0220 49,41% 3,88% 0,00% 

Coded Coefficients 
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Term Coef SE Coef T-Value P-Value VIF 

Constant 79,67 8,95 8,90 0,000    

pH -4,27 5,96 -0,72 0,490 1,00 

Sorbent mass -3,81 6,16 -0,62 0,550 1,01 

Eluent vol -10,86 5,96 -1,82 0,098 1,00 

pH*pH 5,36 5,79 0,93 0,376 1,01 

Sorbent mass*Sorbent mass -2,28 6,39 -0,36 0,729 1,02 

Eluent vol*Eluent vol -10,91 5,79 -1,89 0,089 1,01 

pH*Sorbent mass 5,18 7,79 0,67 0,521 1,00 

pH*Eluent vol -2,45 7,79 -0,31 0,759 1,00 

Sorbent mass*Eluent vol -2,28 7,79 -0,29 0,776 1,00 

Regression Equation in Uncoded Units 

Recoveries TMX = 29,0 - 5,96 pH + 0,032 Sorbent mass + 250 Eluent vol + 0,335 pH*pH 
- 0,00186 Sorbent mass*Sorbent mass - 174,5 Eluent vol*Eluent vol 
+ 0,0370 pH*Sorbent mass - 2,45 pH*Eluent vol 
- 0,260 Sorbent mass*Eluent vol 

Fits and Diagnostics for Unusual Observations 

Obs 
Recoveries 

TMX Fit Resid Std Resid  

5 0,0 30,5 -30,5 -2,23 R 
R  Large residual 

 

 



Dispersive liquid liquid microextraction optimization 

TS3: Screening (FFD) design of experiment 

StdOrder 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Extraction time 

2 

7 

2 

7 

2 

7 

2 

7 

2 

7 

2 

7 

2 

7 

2 

7 

Eluent vol 

0,5 

0,5 

2,0 

2,0 

0,5 

0,5 

2,0 

2,0 

0,5 

0,5 

2,0 

2,0 

0,5 

0,5 

2,0 

2,0 

DES vol 

0,5 

0,5 

0,5 

0,5 

1,1 

1,1 

1,1 

1,1 

0,5 

0,5 

0,5 

0,5 

1,1 

1,1 

1,1 

1,1 

Eluting time 

20 

20 

20 

20 

20 

20 

20 

20 

60 

60 

60 

60 

60 

60 

60 

60 

pH 

8 

5 

5 

8 

5 

8 

8 

5 

5 

8 

8 

5 

8 

5 

5 

8 

%R TMX 

91,3 

118,2 

96,8 

120,1 

104,8 

62,3 

110 

62,8 

93,0 

91,1 

109,0 

83,0 

103,0 

67,0 

103,0 

68,0 

%R ACT 

76,0 

77,0 

84,0 

112,0 

104,2 

95,0 

113,0 

91,0 

123,0 

91,0 

83,0 

122,0 

98,0 

84,0 

94,0 

84,0 

%R IMI 

88 

110,9 

66,4 

96 

93.7 

83 

96 

86 

99 

68 

56 

83 

69 

66 

55 

61 

% TCL 

82,3 

96 

116 

112,8 

73 

66 

67 

98,3 

72,3 

88,6 

84,1 

55,2 

78 

86 

52 

69 
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TS4: Response surface methodology (RSM) central composite design (CCD) 

RunOrder 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

DES Vol 

1,1 

0,5 

0,5 

1,1 

0,5 

1,1 

1,1 

0,5 

0,8 

0,8 

0,5 

1,1 

1,1 

0,5 

1,1 

0,5 

0,5 

Extraction time 

2,0 

7,0 

2,0 

7,0 

2,0 

7,0 

2,0 

7,0 

4,5 

4,5 

2,0 

7,0 

2,0 

7,0 

2,0 

7,0 

2,0 

Eluent vol 

0,50 

0,50 

2,00 

2,00 

0,50 

0,50 

2,00 

2,00 

1,25 

1,25 

0,50 

0,50 

2,00 

2,00 

0,50 

0,50 

2,00 

Eluting time 

20 

20 

20 

20 

60 

60 

60 

60 

40 

40 

20 

20 

20 

20 

60 

60 

60 

%R TMX 

122,63 

110,70 

63,62 

84,96 

51,63 

84,63 

111,96 

94,63 

119,63 

121,63 

95,30 

78,96 

95,96 

62,63 

66,63 

63,30 

82,30 

%R ACT 

57,28 

98,95 

116,28 

88,95 

74,95 

66,62 

80,28 

126,28 

110,28 

96,28 

110,62 

56,95 

78,28 

102,28 

107,95 

54,62 

120,95 

%R IMI 

84,25 

92,25 

56,58 

83,91 

63,58 

95,25 

89,35 

114,58 

107,58 

125,58 

109,61 

62,58 

64,58 

79,25 

119,95 

117,25 

119,58 

%R TCL 

95,75 

82,75 

61,08 

63,41 

83,75 

96,75 

88,90 

74,40 

80,41 

70,41 

66,75 

121,75 

101,41 

100,41 

108,75 

91,08 

60,75 
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18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

1,1 

0,8 

0,8 

0,2 

1,4 

0,8 

0,8 

0,8 

0,8 

0,8 

0,8 

0,8 

0,8 

7,0 

4,5 

4,5 

4,5 

4,5 

0,5 

9,5 

4,5 

4,5 

4,5 

4,5 

4,5 

4,5 

2,00 

1,25 

1,25 

1,25 

1,25 

1,25 

1,25 

0,25 

2,75 

1,25 

1,25 

1,25 

1,25 

60 

40 

40 

40 

40 

40 

40 

40 

40 

0 

80 

40 

40 

116,37 

95,96 

70,96 

50,30 

74,63 

71,30 

59,30 

61,63 

102,70 

123,96 

51,96 

76,30 

77,63 

107,62 

109,95 

58,62 

99,95 

78,95 

121,62 

66,62 

107,04 

53,62 

119,62 

119,95 

88,62 

117,62 

117,25 

124,25 

118,38 

119,91 

96,58 

94,25 

113,58 

123,58 

107,91 

106,58 

83,91 

112,58 

116,91 

57,41 

196,41 

75,56 

65,20 

80,08 

72,75 

65,08 

75,50 

96,08 

93,08 

65,08 

75,36 

65,41 

 

 

 

 

 

 

 



Response Surface Regression: %R TMX versus Blocks. ... l. Eluting time 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 16 30118,8 1882,42 1,95 0,116 

  Blocks 2 12212,4 6106,18 6,31 0,012 

  Linear 4 6418,4 1604,61 1,66 0,219 

    DES Vol 1 3447,6 3447,61 3,56 0,082 

    Extraction tim 1 56,6 56,58 0,06 0,813 

    Eluent vol 1 60,8 60,83 0,06 0,806 

    Eluting time 1 2853,4 2853,40 2,95 0,110 

  Square 4 2532,0 633,01 0,65 0,634 

    DES Vol*DES Vol 1 0,0 0,04 0,00 0,995 

    Extraction tim*Extraction tim 1 12,3 12,35 0,01 0,912 

    Eluent vol*Eluent vol 1 1589,6 1589,62 1,64 0,222 

    Eluting time*Eluting time 1 1042,2 1042,17 1,08 0,318 

  2-Way Interaction 6 8956,0 1492,66 1,54 0,240 

    DES Vol*Extraction tim 1 98,4 98,36 0,10 0,755 

    DES Vol*Eluent vol 1 453,2 453,16 0,47 0,506 

    DES Vol*Eluting time 1 4340,5 4340,50 4,48 0,054 

    Extraction tim*Eluent vol 1 2871,6 2871,62 2,97 0,109 

    Extraction tim*Eluting time 1 269,5 269,53 0,28 0,607 

    Eluent vol*Eluting time 1 922,8 922,79 0,95 0,347 

Error 13 12581,3 967,79       

  Lack-of-Fit 10 11962,6 1196,26 5,80 0,087 

  Pure Error 3 618,7 206,23       

Total 29 42700,0          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

31,1093 70,54% 34,27% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 152,0 12,7 11,97 0,000    

Blocks                

  1 -27,30 8,03 -3,40 0,005 1,33 

  2 20,83 8,03 2,59 0,022 1,33 

DES Vol 11,99 6,35 1,89 0,082 1,00 

Extraction tim -1,54 6,35 -0,24 0,813 1,00 

Eluent vol -1,59 6,35 -0,25 0,806 1,00 

Eluting time 10,90 6,35 1,72 0,110 1,00 

DES Vol*DES Vol -0,04 5,94 -0,01 0,995 1,05 
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Extraction tim*Extraction tim 0,67 5,94 0,11 0,912 1,05 

Eluent vol*Eluent vol -7,61 5,94 -1,28 0,222 1,05 

Eluting time*Eluting time -6,16 5,94 -1,04 0,318 1,05 

DES Vol*Extraction tim -2,48 7,78 -0,32 0,755 1,00 

DES Vol*Eluent vol 5,32 7,78 0,68 0,506 1,00 

DES Vol*Eluting time -16,47 7,78 -2,12 0,054 1,00 

Extraction tim*Eluent vol 13,40 7,78 1,72 0,109 1,00 

Extraction tim*Eluting time 4,10 7,78 0,53 0,607 1,00 

Eluent vol*Eluting time -7,59 7,78 -0,98 0,347 1,00 

Regression Equation in Uncoded Units 

%R TMX = 13,3 + 136 DES Vol - 11,2 Extraction tim + 0,9 Eluent vol + 4,24 Eluting time 
- 0,4 DES Vol*DES Vol + 0,107 Extraction tim*Extraction tim 
- 13,5 Eluent vol*Eluent vol - 0,0154 Eluting time*Eluting time 
- 3,3 DES Vol*Extraction tim + 23,7 DES Vol*Eluent vol - 2,75 DES Vol*Eluting time 
+ 7,14 Extraction tim*Eluent vol + 0,082 Extraction tim*Eluting time 
- 0,506 Eluent vol*Eluting time 

Equation averaged over blocks. 

Fits and Diagnostics for Unusual Observations 

Obs %R TMX Fit Resid Std Resid  

2 10,7 55,0 -44,3 -2,41 R 

7 142,0 100,6 41,3 2,25 R 
R  Large residual 

Effects Pareto for %R ACT 
Response Surface Regression: % ACT versus Blocks. DES ... luting time 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 16 48014,5 3000,9 2,14 0,086 

  Blocks 2 17829,0 8914,5 6,36 0,012 

  Linear 4 1832,8 458,2 0,33 0,855 

    DES Vol 1 630,4 630,4 0,45 0,514 

    Extraction tim 1 86,9 86,9 0,06 0,807 

    Eluent vol 1 182,3 182,3 0,13 0,724 

    Eluting time 1 933,3 933,3 0,67 0,429 

  Square 4 99,6 24,9 0,02 0,999 

    DES Vol*DES Vol 1 2,9 2,9 0,00 0,964 

    Extraction tim*Extraction tim 1 61,3 61,3 0,04 0,838 

    Eluent vol*Eluent vol 1 8,2 8,2 0,01 0,940 

    Eluting time*Eluting time 1 19,3 19,3 0,01 0,908 

  2-Way Interaction 6 28253,1 4708,8 3,36 0,032 

    DES Vol*Extraction tim 1 430,4 430,4 0,31 0,589 

    DES Vol*Eluent vol 1 25574,4 25574,4 18,24 0,001 

    DES Vol*Eluting time 1 47,8 47,8 0,03 0,856 
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    Extraction tim*Eluent vol 1 0,6 0,6 0,00 0,984 

    Extraction tim*Eluting time 1 1884,9 1884,9 1,34 0,267 

    Eluent vol*Eluting time 1 315,1 315,1 0,22 0,643 

Error 13 18223,7 1401,8       

  Lack-of-Fit 10 14389,2 1438,9 1,13 0,520 

  Pure Error 3 3834,5 1278,2       

Total 29 66238,2          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

37,4410 72,49% 38,63% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 147,1 15,3 9,62 0,000    

Blocks                

  1 34,33 9,67 3,55 0,004 1,33 

  2 -14,40 9,67 -1,49 0,160 1,33 

DES Vol -5,13 7,64 -0,67 0,514 1,00 

Extraction tim 1,90 7,64 0,25 0,807 1,00 

Eluent vol 2,76 7,64 0,36 0,724 1,00 

Eluting time -6,24 7,64 -0,82 0,429 1,00 

DES Vol*DES Vol 0,33 7,15 0,05 0,964 1,05 

Extraction tim*Extraction tim 1,49 7,15 0,21 0,838 1,05 

Eluent vol*Eluent vol 0,55 7,15 0,08 0,940 1,05 

Eluting time*Eluting time -0,84 7,15 -0,12 0,908 1,05 

DES Vol*Extraction tim -5,19 9,36 -0,55 0,589 1,00 

DES Vol*Eluent vol 39,98 9,36 4,27 0,001 1,00 

DES Vol*Eluting time -1,73 9,36 -0,18 0,856 1,00 

Extraction tim*Eluent vol 0,19 9,36 0,02 0,984 1,00 

Extraction tim*Eluting time -10,85 9,36 -1,16 0,267 1,00 

Eluent vol*Eluting time -4,44 9,36 -0,47 0,643 1,00 

Regression Equation in Uncoded Units 

% ACT = 261 - 202 DES Vol + 12,7 Extraction tim - 129,5 Eluent vol + 1,43 Eluting time 
+ 3,6 DES Vol*DES Vol + 0,24 Extraction tim*Extraction tim 
+ 1,0 Eluent vol*Eluent vol - 0,0021 Eluting time*Eluting time 
- 6,9 DES Vol*Extraction tim + 177,7 DES Vol*Eluent vol - 0,29 DES Vol*Eluting time 
+ 0,10 Extraction tim*Eluent vol - 0,217 Extraction tim*Eluting time 
- 0,296 Eluent vol*Eluting time 

Equation averaged over blocks. 

Fits and Diagnostics for Unusual Observations 

Obs % ACT Fit Resid Std Resid  

2 298,9 243,1 55,9 2,52 R 
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9 110,3 181,4 -71,1 -2,17 R 
R  Large residual 

Effects Pareto for %R IMI 
Response Surface Regression: %R IMI versus Blocks. DES ... luting time 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 16 16210,6 1013,16 1,92 0,121 

  Blocks 2 826,7 413,35 0,78 0,478 

  Linear 4 5463,9 1365,98 2,58 0,086 

    DES Vol 1 842,8 842,77 1,59 0,229 

    Extraction tim 1 29,3 29,26 0,06 0,818 

    Eluent vol 1 2223,0 2222,99 4,21 0,061 

    Eluting time 1 2368,9 2368,90 4,48 0,054 

  Square 4 2805,0 701,25 1,33 0,312 

    DES Vol*DES Vol 1 63,5 63,48 0,12 0,734 

    Extraction tim*Extraction tim 1 1107,3 1107,30 2,09 0,171 

    Eluent vol*Eluent vol 1 316,4 316,38 0,60 0,453 

    Eluting time*Eluting time 1 1991,6 1991,64 3,77 0,074 

  2-Way Interaction 6 7115,0 1185,84 2,24 0,105 

    DES Vol*Extraction tim 1 279,6 279,56 0,53 0,480 

    DES Vol*Eluent vol 1 2156,7 2156,67 4,08 0,064 

    DES Vol*Eluting time 1 59,4 59,37 0,11 0,743 

    Extraction tim*Eluent vol 1 4062,8 4062,79 7,69 0,016 

    Extraction tim*Eluting time 1 60,5 60,45 0,11 0,741 

    Eluent vol*Eluting time 1 496,2 496,18 0,94 0,350 

Error 13 6871,1 528,55       

  Lack-of-Fit 10 6369,9 636,99 3,81 0,149 

  Pure Error 3 501,2 167,07       

Total 29 23081,8          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

22,9902 70,23% 33,59% 0,00% 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 122,55 9,39 13,06 0,000    

Blocks                

  1 -7,42 5,94 -1,25 0,233 1,33 

  2 3,56 5,94 0,60 0,560 1,33 

DES Vol -5,93 4,69 -1,26 0,229 1,00 

Extraction tim -1,10 4,69 -0,24 0,818 1,00 
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Eluent vol -9,62 4,69 -2,05 0,061 1,00 

Eluting time 9,94 4,69 2,12 0,054 1,00 

DES Vol*DES Vol -1,52 4,39 -0,35 0,734 1,05 

Extraction tim*Extraction tim -6,35 4,39 -1,45 0,171 1,05 

Eluent vol*Eluent vol -3,40 4,39 -0,77 0,453 1,05 

Eluting time*Eluting time -8,52 4,39 -1,94 0,074 1,05 

DES Vol*Extraction tim 4,18 5,75 0,73 0,480 1,00 

DES Vol*Eluent vol 11,61 5,75 2,02 0,064 1,00 

DES Vol*Eluting time -1,93 5,75 -0,34 0,743 1,00 

Extraction tim*Eluent vol 15,94 5,75 2,77 0,016 1,00 

Extraction tim*Eluting time -1,94 5,75 -0,34 0,741 1,00 

Eluent vol*Eluting time 5,57 5,75 0,97 0,350 1,00 

Regression Equation in Uncoded Units 

%R 
IMI 

= 182,3 - 69 DES Vol - 4,8 Extraction tim - 92,1 Eluent vol + 2,17 Eluting time 
- 16,9 DES Vol*DES Vol - 1,017 Extraction tim*Extraction tim 
- 6,04 Eluent vol*Eluent vol - 0,0213 Eluting time*Eluting time 
+ 5,57 DES Vol*Extraction tim + 51,6 DES Vol*Eluent vol 
- 0,321 DES Vol*Eluting time 
+ 8,50 Extraction tim*Eluent vol - 0,039 Extraction tim*Eluting time 
+ 0,371 Eluent vol*Eluting time 

Equation averaged over blocks. 

Fits and Diagnostics for Unusual Observations 

Obs %R IMI Fit Resid Std Resid  

27 106,6 72,5 34,1 2,51 R 

28 83,9 112,2 -28,3 -2,08 R 
R  Large residual 

Effects Pareto for % TCL 
Response Surface Regression: %R TCL versus Blocks. DES ... uting time 
Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 16 58810 3675,6 0,87 0,612 

  Blocks 2 35009 17504,4 4,13 0,041 

  Linear 4 13644 3411,1 0,80 0,544 

    DES Vol 1 235 234,9 0,06 0,818 

    Extraction tim 1 1298 1298,3 0,31 0,589 

    Eluent vol 1 604 604,0 0,14 0,712 

    Eluting time 1 11507 11507,1 2,71 0,123 

  Square 4 2966 741,5 0,17 0,947 

    DES Vol*DES Vol 1 806 806,4 0,19 0,670 

    Extraction tim*Extraction tim 1 553 553,2 0,13 0,724 

    Eluent vol*Eluent vol 1 2081 2080,6 0,49 0,496 

    Eluting time*Eluting time 1 6 6,0 0,00 0,971 
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  2-Way Interaction 6 7191 1198,5 0,28 0,935 

    DES Vol*Extraction tim 1 1478 1478,4 0,35 0,565 

    DES Vol*Eluent vol 1 1336 1335,5 0,31 0,584 

    DES Vol*Eluting time 1 172 172,3 0,04 0,843 

    Extraction tim*Eluent vol 1 4 4,2 0,00 0,975 

    Extraction tim*Eluting time 1 3974 3974,0 0,94 0,351 

    Eluent vol*Eluting time 1 226 226,4 0,05 0,821 

Error 13 55143 4241,8       

  Lack-of-Fit 10 54876 5487,6 61,69 0,003 

  Pure Error 3 267 89,0       

Total 29 113953          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

65,1290 51,61% 0,00% 0,00% 

 

 

 

 

 

Coded Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 178,9 26,6 6,73 0,000    

Blocks                

  1 48,3 16,8 2,87 0,013 1,33 

  2 -24,2 16,8 -1,44 0,173 1,33 

DES Vol -3,1 13,3 -0,24 0,818 1,00 

Extraction tim -7,4 13,3 -0,55 0,589 1,00 

Eluent vol -5,0 13,3 -0,38 0,712 1,00 

Eluting time -21,9 13,3 -1,65 0,123 1,00 

DES Vol*DES Vol 5,4 12,4 0,44 0,670 1,05 

Extraction tim*Extraction tim 4,5 12,4 0,36 0,724 1,05 

Eluent vol*Eluent vol 8,7 12,4 0,70 0,496 1,05 

Eluting time*Eluting time -0,5 12,4 -0,04 0,971 1,05 

DES Vol*Extraction tim -9,6 16,3 -0,59 0,565 1,00 

DES Vol*Eluent vol -9,1 16,3 -0,56 0,584 1,00 

DES Vol*Eluting time 3,3 16,3 0,20 0,843 1,00 

Extraction tim*Eluent vol 0,5 16,3 0,03 0,975 1,00 

Extraction tim*Eluting time 15,8 16,3 0,97 0,351 1,00 

Eluent vol*Eluting time -3,8 16,3 -0,23 0,821 1,00 

Regression Equation in Uncoded Units 
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%R TCL = 305 - 20 DES Vol - 12,1 Extraction tim - 4 Eluent vol - 2,54 Eluting time 
+ 60 DES Vol*DES Vol + 0,72 Extraction tim*Extraction tim 
+ 15,5 Eluent vol*Eluent vol - 0,0012 Eluting time*Eluting time 
- 12,8 DES Vol*Extraction tim - 40,6 DES Vol*Eluent vol + 0,55 DES Vol*Eluting time 
+ 0,27 Extraction tim*Eluent vol + 0,315 Extraction tim*Eluting time 
- 0,25 Eluent vol*Eluting time 

Equation averaged over blocks. 

Fits and Diagnostics for Unusual Observations 

Obs %R TCL Fit Resid 
Std 

Resid  

1 395,8 304,5 91,2 2,37 R 

2 332,8 251,8 80,9 2,10 R 
R  Large residual 
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