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ABSTRACT 

 

Thiophene compounds are polycyclic aromatic sulfur heterocycles (PASHs) present in 

petroleum in concentrations up to 7%, depending on the source. They are considered as the 

most relevant and problematic components in petroleum products due to their mutagenicity, 

carcinogenicity, and acute toxicity. These compounds can be used as organic markers for 

monitoring of oil pollution, which can come into marine waters through regulated oil 

discharges, accidental oil spills and shipping related inputs. Current analytical methods for 

thiophenes usually combine solid-phase extraction (SPE) with gas chromatography (GC) 

or high performance liquid chromatography (HPLC). However, matrix complexity, low 

analyte concentrations, and the low selectivity of SPE can limit the efficiency of separation 

and detection. To overcome these problems, selective sorbent materials, such as 

molecularly imprinted polymers (MIPs) can be used for analysis.   

MIPs are synthetic polymers that contain artificial recognition sites formed by 

polymerization in the presence of a template molecule. The molecular recognition 

mechanism in MIPs is simple. They have a high mechanical and thermal stability, and can 

be prepared easily at low cost. In our work, MIPs are prepared as thin-films on glass 

substrates, simplifying fabrication and allowing for flexibility in deployment and use with 

a variety of detection systems. A pseudo-template is used in the imprinting process to avoid 

positive bias associated with template-bleeding, which can be problematic when working 

at low (µg L-1) analyte concentrations. Ours is the first reported MIP for uptake of thiophene 

compounds from aqueous matrices. Binding affinity, heterogeneity, uptake behaviour of 
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thiophene compounds over a range of concentrations from 0.5-100 µg L-1, and imprinting 

factors (IFs) for this MIP thin-film have been determined. Coupling of MIP thin-film with 

different detection systems such GC-MS, head-space GC with sulfur chemiluminescence 

detection (GC-SCD), and desorption electrospray ionization mass spectrometry (DESI-

MS) has been accomplished. Linear calibration curves and reproducible results with low 

limit of detection values were achieved for the extraction of thiophene compounds from 

spiked seawater samples using these techniques. The results showed that the MIP films can 

be used effectively as a selective sorbent for thiophene compounds from water samples. 
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Chapter 1: Introduction and literature survey 
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1.1. Introduction 

Keeping pollutants out of our oceans is a very difficult task. They are constantly 

affected by contaminants that come from natural and human sources  [1]. Almost half of 

the oil pollution comes from natural oil seeps, although marine plants and animals have 

adapted to this source for hundreds or thousands of years. Other sources which come from 

transportation, extraction and consumption of oil are considered more problematic. Organic 

pollutants entering the ocean via these activities have many fates. The volatile pollutants 

escape to the atmosphere through evaporation and can be redeposited in colder climates, 

while other pollutants may undergo photodegradation reactions under sunlight to produce 

less or more toxic metabolites [2] or biodegradation by bacteria and fungi [3]. Degradation 

products could be more harmful to the environment than their precursor compounds. Non-

degradable pollutants may persist for a long time before degradation, and can accumulate 

in marine life and transfer to humans through the food cycle.  

Many studies have been undertaken to understand how these pollutants enter our 

oceans and their impacts on human and environment [4–6]. Environmental agencies, such 

as the United States Environmental Protection Agency (US-EPA) [7] and Canadian Environmental 

Assessment Agency (CEAA) [8], have issued regulations and decisions to determine the 

permissible concentration levels of pollutants in the environment. This can help in reducing 

the sources of pollution by forcing industry to find more effective strategies to treat them. 

For many reasons, developing new methods to track organic pollutants in marine water is 

a challenge. The complexity of the oil and the huge numbers of organic pollutants that seep 

into marine water makes their analysis difficult. Therefore, the environmental analysis 
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methods should be developed in a way that can separate and identify pollutants efficiently. 

To do this we should have a general idea about the oil composition.  

The main oil components present in oil range from relatively simple hydrocarbons 

(alkanes, alkenes, etc.), monoaromatics, naphthenes, polycyclic aromatics hydrocarbons 

(PAHs), to a variety of sulfur and nitrogen containing compounds. Sulfur containing 

compounds are present in petroleum in concentrations of 0.05-10% depending on the 

source [9], and are usually removed by hydrodesulfurization process. The products of this 

process are hydrocarbons and hydrogen sulfide gas which is converted subsequently to 

sulfur or sulfuric acid  [10]. Thiophene compounds are the major constituents of sulfur-

containing compounds in crude oil. They are classified as polycyclic aromatic sulfur 

heterocycles (PASHs) compounds. Their aromaticity is less than benzene according to 

Hartree-Fock-Roothaan studies [11]. Electron pair on the thiophenic sulfur atom are 

delocalized in the aromatic π-electron system. As a consequence of that,  the sulfur atom in 

thiophene ring resists the alkylation and oxidation reactions [12] making their removal by 

hydrodesulfurization difficult. Table 1.1 shows structures, aqueous solubility [13,14], 

melting points, vapour pressures, ionization potentials [15], and log Kow [16,17] of the 

targeted thiophene compounds, where Kow is the ratio of the concentration of a chemical in 

octanol phase and water phase at equilibrium at specified temperature. From Table 1.1, it 

can be observed that the aqueous solubility of thiophene compounds decreases as the 

number of aromatic and alkyl-substituents increases. 
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Table 1.1. Structures and aqueous solubility of some thiophene compounds. 

 

Compound 
Structure 

 

Molecular 

weight 

(g/mol) 

 

 

Aqueous 

solubility at 

24°C (mg L-1) 

 

 

 

Melting 

point (°C) 

 

 

Vapour 

pressure at 

25 °C 

(mmHg) 

 

 

 

Ionization 

potential 

(eV) 

Log Kow 

 

Benzothiophene 

(BT) 

 

 

 

 

134.20 

 

 

160 35.0 3.58 x 10-1 8.1 3.12 

 

3-Methylbenzothiophene 

(3-MBT) 

 

 
 

 

148.22 

 

49 
33.1 1.32 x 10-1 

 

unavailable 

 

3.71 

 

Dibenzothiophene 

(DBT) 

 

 
 

184.26 1.0 96.8 3.4 x 10-3 7.9 4.38 

 

4,6-Dimethyl-

dibenzothiophene 

(4,6-DMDBT) 

 

 

 
 

212.31  unavailable 97.3 

 

 

 

4.73 x 10-4 7.7 5.50 
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1.2. Environmental and health impacts 

Thiophene compounds, such as benzothiophene and related methylated derivatives, 

are known to be persistent in the aquatic environments [17,18]. Their bioaccumulations and 

acute toxicity in marine organisms have been studied and assessed [13,19]. The PASHs are 

more stable than analogous polycyclic aromatic hydrocarbons (PAHs), and their stability 

increase with increasing of the alky-substituents on the aromatic rings. This stability in the 

environment and the fact that they are present in all crude oils make them useful as organic 

markers for oil pollution monitoring [18]. Biodegradation half-lives of these compounds 

are greater than six months in water and soil, and greater than one year in sediments [19]. 

Warner et al. [20] isolated some PASHs such as BT and DBT from marine samples and 

found that they bioaccumulate faster than PAHs. Miyake and Ogata [21] reported the 

presence of organo-sulfur compounds such as DBT in the soft body of the short-necked 

clam extract that was exposed to a suspension of crude oil in water. In another study, 

Eastmond et al. [22] compared the accumulation of some thiophene compounds with that 

of their analogous PAHs and found that BT was bioconcentrated in zooplankton Daphnia 

magna fifteen times more than naphthalene. Bates et al. [23] characterized quantitatively 

some organo-sulfur compounds in marine sediments and showed that DBT and its alkylated 

homologs are the predominant organic sulfur compounds in most of these sediment samples 

in his study. This study also revealed that DBT remained in the sediments contaminated 

with oil even after ten years, while other aromatics disappeared.  

In a study of their impact on animals, BT produced adverse effects in male rats such 

as increasing the relative weights of liver and kidney, and increasing urine output [24]. 
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Lethal concentration (LC50) and lethal dose (LD50) are usually used to measure the toxicity 

in the environment. The LC50 for animals refers to the concentration of a chemical that kills 

50% of the test animals during the observation period, while the LD50 is the dose (usually 

oral or intravenous) of a chemical which causes the death of 50% of a group of tested 

animals; it is usually used to measure the short-term acute toxicity of a chemical [25]. In 

marine samples, the LC50 has been reported in Daphnia magna (water flea) after 48 h of 

exposure was 0.420 mg L-1, while in fish (poecilia reticulate) it was 0.700 mg L-1 after 96 

h of exposure. For animals, the reported value of LD50 in mice (given by mouth) was 470 

mg kg-1 [26] . 

Unfortunately, there is only one study reported on the impact of thiophene 

compounds on human health. Amat et al. [27] carried out a study on the cytotoxicity and 

genotoxicity of six thiophene compounds (BT, DBT, benzo(b)naphtha(2,1-d)thiophene 

(BNT), 6-methylbenzo(b)naphtha(2,1-d)thiophene (6-CH3BNT), dinaptho(2,1-b;1',2'-

d)thiophene (DNT), and diphenanthro(9,10-b;9',10'-d)thiophene (DPT)) in liver human cell 

line (HepG2). The results showed that BT, DPT and DNT did not form DNA adducts 

(segments of DNA bound to a cancer-causing chemical) in HepG2 cell line, while DBT, 

BNT, and 6-CH3BNT induced the DNA adduct formation. This study showed that some 

thiophene compounds are genotoxic for HepG2 cells. 
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1.3. Methods of analysis for thiophene compounds in the literature 

There are few methods of analysis for thiophene compounds in the literature that 

specifically target them; most of the methods reported are for analysis of PASHs with 

PAHs. These methods usually involve the use of non-selective solid-phase extraction (SPE) 

with a range of detection methods [30-32]. Table 1.2 shows the figures of merit for some 

methods used for the analysis of PASHs. Although the values in the table show a very good 

analytical performance for most methods, the chromatograms of these methods sometimes 

include undefined and unresolved peaks because of the use of non-selective SPE methods, 

and thus could make identification and quantification more difficult.  
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Table 1.2. Examples of some analysis methods of PASHs in water samples and their 

figures of merit. 

Analysis method Analytes 

 

Linearity 

Range 

(µg L-1) 

 

LOD 

(µg L-1) 

RSD (%) %Recovery Ref. 

SPE-GC-FID 

GC-MS (SIM) 

BT, DBT, 

Thianthrene, 

Thiophene-2-

caboxylaldehyde) 

0.1-1000 

60 – 100 

 

40 - 80 

≤8.2 

 

≤7.8 

≥ 93.5 [28] 

Stir bar SPE- 

HPLC-UV 

3PAHs, BT, 3-

MBT, DBT, 4,6-

DMDBT 

 

 

0.05-1000 

 

 

0.007-0.103 

 

6.3-12.9 

 

≥ 93 

 

[29] 

SPE-HPLC-

fluorescence 

HPLC-APCI-MS 

 

6PAHs, BT, DBT, 

Benzo[b]naphthol

-[2,3-d]thiophene, 

Benzo[b]naphthol

-[2,1-d]thiophene) 

 

0.06-100 

0.02 (flu.) 

 

 

0.06 (MS) 

2-15 

 

 

3-8 

≥ 70 [30] 

 

These limitations can be overcome by using more selective material such as 

molecularly imprinted polymers (MIPs). For instance, a MIP was used as a sorbent with 

GC-fluorescence for selective extraction of hydroxylated polycyclic aromatic 

hydrocarbons (OH-PAHs) from soil samples [31]. This method has low limit of detection 

values (0.003–0.014 µg g-1) and low limits of quantification (0.010–0.044 µg g-1). In 

addition, this method showed a high selectivity towards the OH-PAHs in the presence of 

some PAHs as interferents in the spiked soil sample because of the use of MIP as shown in 

Figure 1.1. 
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Figure 1.1. Chromatograms obtained after microwave assisted extraction (MAE) of spiked 

soil (PAHs + OH-PAHs) (a) without clean-up of the extract (b) extract purified by MIPs 

(with a concentration factor of 4) and (c) extract percolated through non-imprinted 

polymers (NIPs), adapted with permission from [31]. 
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1.4. Molecularly imprinted polymers (MIPs) 

MIPs are synthetic polymers with artificial recognition sites formed by 

polymerization of a material in the presence of a template molecule. Removal of the 

template creates an analyte selective robust material that can be easily used for a variety of 

applications. Molecular imprinting can be achieved through three approaches, covalent, 

non-covalent (self assembly), and semi-covalent imprinting [32–34].  

The first work on non-covalent inorganic imprinting was started in early 1930s by 

Polyakov on imprinted silica gel [35]. A similar methodology was used later by Dickey 

[36] to prepare a selective adsorbent (silica gel) for methyl orange dye. In the early 1970s, 

the imprinting of organic polymers was reported for covalent imprinting of vinyl polymers 

[37]. Non-covalent organic imprinting was introduced later by Mosbach and Arshady [38]. 

The main advantage of using MIPs is the low cost of preparation in comparison 

with other materials that show similar selectivity over their biological counterparts [33]. 

Moreover, they have a good stability over a range of temperatures and pressures, and are 

relatively inert in acids, bases and organic solvents. Their structure should be rigid enough 

to maintain the structure of cavities after removing the template, while keeping some 

flexibility for releasing and up-taking of the template. Recent applications of MIPs include 

environmental pollutants [39–42], drug delivery [43,44], food analysis [45,46], chemical 

sensors [47,48], proteins [49] and receptor systems [50,51].  
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1.4.1. Covalent versus non-covalent imprinting 

Non-covalent and covalent imprinting processes can be seen in Figure 1.2. Covalent 

imprinting is obtained by reacting the template with a functional monomer to form a 

covalent bond, which is intact through the polymerization process. The template is removed 

after polymerization by cleaving the bond, and this usually done by acid hydrolysis. 

Rebinding of analytes into the MIP is strong and very selective because there is a 

reformation of the bond. Although the binding sites in covalent MIPs are homogenous, the 

rebinding process is very slow and limited types of compounds such as alcohols, amines, 

ketones and carboxylic acids, can be imprinted [52]. Moreover, the derivatization of the 

template before the imprinting process sometimes is difficult and requires more experience 

in organic synthesis.   

In non-covalent imprinting, the preparation is simpler and the template can rebind 

quickly. There is also a flexibility in choosing various templates and monomers. On the 

other hand, some drawbacks are present in this approach, for example, the template should 

be able to interact strongly with the functional monomer, e.g. through hydrogen bonding, 

dipole-dipole, ionic, hydrophobic and van der Waals interactions to form a stable complex 

[53]. Another limitation is coming from the fact that the stabilized interaction between the 

template and the functional monomer under hydrophobic imprinting conditions may be 

disrupted easily when the MIP is used for analysis in the polar environments [33].  

An interesting approach called semi-covalent imprinting combines both covalent 

and non-covalent imprinting, where a covalent interaction is created for the imprinting 

process, while a non-covalent interaction takes place in the rebinding process [54]. The aim 
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of this approach is to produce a homogeneous MIP with higher binding capacities with high 

selectivities. It also allows the rebinding process with analytes occur more quickly than for 

a fully covalent MIP. However, the semi-covalent approach still suffers from the drawbacks 

of covalent imprinting such as the limitation in the number of compounds that can be 

imprinted and the necessity of template derivatization before imprinting in some cases. 
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Figure 1.2. Schematic representation of a) non-covalent and b) covalent molecular 

imprinting processes. 
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1.4.2. Main components of MIPs 

The main components in any MIP system are the template, monomer, cross-linker, 

initiator, and solvent (porogen). The template is usually the analyte itself or can be an 

analogous compound to that analyte. Monomers (common examples are shown in Figure 

1.3) are usually used in molar excess to the template in the imprinting process to enhance 

the formation of the template-monomer complex, which is governed by equilibrium 

between them. Methacrylic acid (MAA) is often used as a monomer due to its capability to 

form a hydrogen bonds with templates [55]. 

 

 

Figure 1.3. Common functional monomers used in molecular imprinting procedures [33]. 

 

The cross-linker plays an important role in controlling of the morphology of 

polymer and in creating a material that possesses good mechanical properties [56]. Ethylene 

glycol dimethylacrylate (EGDMA) and divinylbenzene (DVB) are the most common 

crosslinking agents used [57] (Figure 1.4). 
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Figure 1.4. Chemical structures of common cross-linkers used in molecular imprinting 

[33]. 

 

Initiators are used usually in small quantities compared to the monomer (1 wt.% or 

1 mol %) with respect to the total number of moles of polymerizable double bonds [33]. 

Azobisisobutyronitrile (AIBN) is one of the most effective initiators in thermal 

polymerization, giving isobutyronitrile radicals after homolytic cleavage under heat or UV 

light [58] while 2,2-dimethoxy-2-phenylacetophenone (DMPA) is used as photoinitiator in 

photo-radical polymerization (Figure 1.5). 
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Figure 1.5. Formation of radicals in DMPA and AIBN [59]. 

 

The solvent used to bring all the MIP components together in one phase in the 

polymerization process is usually called the porogen (pore generator). A good solvent 

(solvating) typically produces microporous polymers, whereas a poor solvent (non-

solvating) produces macroporous polymers [60,61]. MIPs should have good porosity to 

assure good accessibility of the analytes to the binding sites. This porosity can be promoted 

through selection of a proper porogen. Examples of some solvents used as porogens for 

MIPs preparation are toluene, chloroform, dichloromethane, methanol and acetonitrile 

[32]. Less polar porogens such as chloroform and dichloromethane are usually used to 

facilitate non-covalent interactions such as hydrogen bonding, while polar porogens such 

as methanol are used to enhance the hydrophobic interactions [55]. Water has been used 

previously as a porogen, for example, in the preparation of water-compatible polymers for 

the detection of 1-methyladenosine in human urine samples [62]. Unfortunately imprinting 

in water is difficult sometimes due to the limited range of water-soluble monomers and 
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cross-linkers [63]. The porosity of the MIP is also influenced by the porogen, for example, 

if the solubility of the formed polymer is low in the porogen, the phase separation will occur 

early and form large pores with lower surface area, and vice versa. MIP made without 

enough porogen has very poor selectivity because of the limited access of  the analyte to 

the active binding sites [56].  

 

1.4.3. Optimization of MIP composition 

The optimization of the MIP composition must be made to obtain a material that 

has the desired analytical performance and morphological properties. The important factors 

in the MIP optimization are the initial selection of the monomer and the determination of 

the optimum mole ratio of the template to monomer. In covalent imprinting, the template 

to monomer ratio is dictated by the template monomer reaction stoichiometry, so 

optimization on this basis is uncommon [33]. On the other hand, optimization is very 

important in the fabrication of non-covalent MIPs due to the use of the non-stoichiometric 

molar ratio between the template and monomer which is used in the preparation of MIP. 

While generally, any template can be used in non-covalent imprinting, other factors such 

as unwanted interactions with cross-linker and sometimes self-association between the 

monomer molecules themselves cannot be avoided. Moreover, the monomer is usually 

added in excess, therefore it can be spread outside the receptor cavities which can leads to 

the formation of non-specific interactions. Another problem in non-covalent imprinting is 

the low number of high affinity receptor sites produced in comparison with the relative 

amount of template used. This may be due to the disruption of the weak bonds between the 
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template and monomer before polymerization, or due to the poor cross-linking, which 

produces less rigid cavities [63]. 

The targeted analyte which is usually selected as the template must be inert under 

the polymerization conditions, and this means that a template should be avoided if it has 

any functional group that could interfere or inhibit the free radical polymerization process. 

Moreover, the template should be stable during the polymerization so it will not decompose 

at elevated temperature or under UV irradiation [33]. In some cases, the template is replaced 

by another analogous compound called a pseudo-template [64–66]. This is made to 

overcome the problem which can occurs due to the possibility of template bleeding from 

MIP during the analysis which leads to a significant increasing in the sample background 

and restriction of the application of MIP for detection at low levels of concentrations (µg 

L-1). A pseudo-template must possess the same properties and share at least one 

characteristic functional groups with the original template.  

Other factors such as optimization of the monomer to cross-linker ratio and the 

selection of porogen should be implemented to get the best composition. The mole ratio of 

the monomer to cross-linker is important because at high ratios, the binding sites in the 

polymer are very close and this may lead to inhibition in the binding between the 

neighbouring sites, while at low ratios the imprinting efficiency may be reduced due to the 

possibility of interactions between cross-linker and monomer or template. Some studies 

found that the influence of cross-linker on the physical properties of MIP is high with minor 

effect on the interaction between the template and monomer [67,68]. Since the stability of 

the template-monomer complex is crucial, the temperature of polymerization must be 
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controlled. The use of high temperature in the polymerization process may destabilize the 

interaction between the template and monomer, and taking into account that the free radical 

polymerization is an exothermic reaction, this may lead to the formation of a gel-like 

material with poor selectivity and stability [63]. 

The role of the porogen is significant and careful selection is necessary to produce 

an optimal MIP. In the non-covalent imprinting polymerization, the porogen enhances the 

template-monomer complex formation. Better rebinding capacity is obtained when 

uploading of analyte is carried in the same porogen used for the imprinting process. For 

example, the retention of 9-ethyladenine in an HPLC column packed with a polymer 

prepared with the same eluting solvent (acetonitrile) is almost three times greater than the 

retention in a column packed with the same polymer but prepared with a different solvent 

(chloroform) [56]. However, it is not always possible to prepare and analyze MIPs using 

the same solvent system, mainly because of limitations in solubility of the pre-

polymerization components.  

 

1.4.4. Methods of MIPs preparation and formation 

MIPs can be prepared in various forms using different methods based on their 

applications. Bulk polymerization [69], suspension polymerization [70], precipitation 

polymerization, surface imprinting [71] and monolithic [72] polymerization are the 

common methods. The most common method is bulk polymerization, where the MIP is 

prepared by solution polymerization followed by a mechanical grinding to produce 

particulates. The powdered polymer is then sieved to obtain the desired particle size range 
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[73,74]. This method is simple, but time-consuming and the resulting particles usually have 

irregular sizes and shapes. Furthermore, a significant proportion of the active sites may be 

destroyed during the grinding process, which would reduce the binding capacity and 

selectivity of MIP.  

To overcome these problems, MIPs can be prepared in other forms such as beads 

[75], membranes [76], and thin-films [77,78]. In this section, the discussion will be limited 

to the methods for preparation of thin-films, since the research presented here is aimed at 

preparation of MIPs in thin-films. Regardless of their applications, MIP thin-films can be 

prepared on substrates using methods such as surface coating [79,80], spin coating [81], 

sandwiching [82] and electrochemical polymerization [83,84] techniques. In surface 

coating, the polymer particles are prepared in advance by bulk or suspension 

polymerization, and then mixed with additives such as polyvinyl chloride (PVC) to help 

particles adhere to the surface of the substrate [80]. This method is simple, but suffers from 

poor control over the film thickness. Moreover, the use of additives may prevent the access 

of analytes to the binding sites. Spin coating is a more controllable technique and offers 

good control over the thickness and homogeneity of the thin-film [81].  

In the spin coating method, a small amount of pre-polymerization mixture is applied 

on the center of a flat substrate. The substrate is then rotated with UV curing at a high speed 

(1600-6000 rpm) to spread the coating material by centrifugal force, leaving a thin-film 

polymer on the surface. The rotation is continued until the desired film thickness is 

achieved. The thickness of the film is affected by the viscosity and concentration of the 

pre-polymerization mixture; this leads to some limitations such as the necessity of having 
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a viscous pre-polymerization mixture and a limited selection of solvents [85]. Since most 

solvents used in the MIP preparation, such as chloroform, methanol, and acetonitrile, are 

relatively volatile, this method is very limited. Therefore, in situ polymerization using a 

sandwiching technique is an alternative to spin coating since any solvent can be used. For 

example, in our project, the pre-polymerization mixture is pipetted onto a derivatized glass 

slide and covered immediately with a cover glass and then photopolymerized under UV 

light. The cover slide is removed immediately after polymerization, leaving a polymeric 

thin-film with an average thickness of 15 µm. The thickness of the film can be varied over 

a range of a few microns by varying the pipetted amount of pre-polymerization mixture 

between the two surfaces. Another example of using this technique is thin-film fabrication 

for chemical sensors. Haupt et al. [86] prepared  a chemical sensor for selective 

determination of the drug S-propranolol. This sensor was based on an MIP film as the 

recognition element and a quartz crystal microbalance (QCM) as the transducer. The film 

was prepared between a surface of a gold electrode and a quartz disk using the sandwiching 

technique. The polymerization was carried out under a UV irradiation at 350 nm for 10 min 

by placing the sandwich assembly on a flat window of a UV lamp with a cover quartz disk 

facing the lamp and then a weight of 0.5 kg was applied axially to the assembly. Jakusch 

et al. [87] also used the sandwiching technique to prepare a Fourier-transform infrared (FT-

IR) sensor for selective detection of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). 

The MIP film in this sensor is prepared on a surface of selenide attenuated total reflection 

elements. 
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If a thinner MIP film is required, the electrochemical polymerization technique can 

be used. For example, preparation of electrosynthesized poly(o-phenylenediamine) (PPD) 

on a QCM biomimetic sensor for glucose detection has been reported [83]. The electro-

polymerization of o-phenylenediamine (o-PD) was achieved by cyclic voltammetry in the 

range 0.0-0.8 V from a solution of o-PD in an acetate buffer. They have found that, by 

controlling the amount of the circulated charge, the MIP film can be easily grown on the 

surface with a controlled thickness. The disadvantages of this technique are the requirement 

of conductive surfaces and the number of functional monomers suitable for this technique 

are limited.   

 

1.4.5. Characterization of MIPs 

Several techniques can be used to characterize the chemical and morphological 

properties of MIPs. For example, 1H and 13C nuclear magnetic resonance (NMR) can be 

used to confirm the formation of non-covalent template-monomer interactions [88]. FT-IR 

spectroscopy has been used to follow the changes in functional groups between the 

prepared polymer and the functional monomers that are used in the preparation of the 

polymer. Examples of these changes are the shift in or disappearance of the spectral peaks 

associated with the polymerizable groups of the functional monomers in the FTIR spectrum 

after polymerization [89,90]. Microscopic techniques, such as a scanning electron 

microscopy (SEM), are used to study the surface morphology of the polymer [91], and to 

measure the thickness of MIP films [92]. In SEM, a primary beam of electrons scans the 
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surface of the MIP; this process causes several kinds of interactions generating secondary 

electrons and back scattered electrons which can be used to create an SEM image [93].  

Nitrogen sorption porosimetry by BET (Brunauer, Emmet and Teller) analysis is 

used to determine the surface area, pore volume, pore size distribution, and average pore 

diameter [94,95], while the mercury intrusion porosimetry method is used for the 

characterization of larger pores. In nitrogen sorption porosimetry experiments, a fixed 

amount of dry MIP is exposed to nitrogen gas at a series of fixed pressures. The amount of 

sorbed gas is calculated as a function of pressure, and then an adsorption isotherm is 

constructed from the application of BET theory and mathematical models. The mercury 

intrusion porosimetry technique is carried out in the same way, except that mercury is used 

instead of nitrogen gas. Unfortunately, the direct application of those techniques on MIP 

films is unfavorable due to necessity of removing the MIP films from the glass slide before 

measurement, which may lead to results that do not reflect the true morphological 

properties of these films.     

Several binding isotherm models can be used to evaluate the binding equilibrium 

behaviour of MIPs (Table 1.3). Binding behaviour such as the binding capacity and 

association constants of MIPs in batch rebinding experiments are usually evaluated by the 

Scatchard analysis model [54,96]. 
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Table 1.3. Binding isotherm models, adapted from [97]. 

Isotherm model Linearized form Plot Parameters 

Langmuir 1/Q = (1/N K) + (1/C) (1/Q) vs. (1/C) 
K = intercept/slope, 

N = 1/intercept 

Scatchard Q/C = Ka Nt + Ka Q (Q/C) vs. Q 
Ka = -slope, 

Nt = intercept/slope 

Freundlich log Q = m log C + log a log Q vs. log C 
a = 10-intercept, 

m = slope 

Langmuir–Freundlich 
Solver function in 

Microsoft Excel 
log Q vs. log C a, m, K and Nt 

 

For example, Longo et al. [96] constructed a Scatchard plot between the ratio of the 

binding capacity of tri-O-acetyladenosine (TOAA) to the free concentration of TOAA 

(Q/[TOAA]) versus the binding capacity of TOAA (Q) at equilibrium (Figure 1.6). The 

total number of binding sites (Nt) and the association constant (Ka) were determined from 

the slope and the intercept of the curves. 

 

Figure 1.6. Scatchard plot for PPZnM(TOAA), adapted with permission from [96]. 
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Langmuir, Freundlich [98,99] and Langmuir-Freundlich (LF) isotherm models 

[100,101], which use data from batch rebinding experiments or chromatographic frontal-

zone analysis, are also used to characterize and understand the binding behaviour of 

MIPs. From these plots, various parameters can be calculated such as, the total number of 

binding sites, heterogeneity indices (m), and fitting parameter constant (a) which is a 

measure of the capacity and average affinity of the polymer. These models measure the 

relationship between the equilibrium concentration of bound and free analyte over a 

certain concentration range. 

The Langmuir isotherm is used based on the assumption that the adsorption of 

analyte takes place at specific homogeneous sites within the adsorbent. The concentration 

of the bound analyte (Q) can be calculated from the following equation: 

Q = 
N K C

1+ K C 
                                                                     (1.1) 

 

where N is the number of homogeneous sites, K is the binding affinity constant, and C is 

the concentration of free analyte in the solution. To obtain a Langmuir isotherm curve, the 

Equation (1.1) should be linearized as follows: 

C

Q
 = 

1

N K 
+

1

N
C                                                              (1.2) 

 

The values of N and K can be determined by plotting C/Q versus C. Since MIPs are mainly 

classified as heterogenous material [102], this model is often not suitable for them.  
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The Freundlich isotherm model is used to describe the heterogeneity of the surface 

and multilayers within the adsorbent. It is a power function as follows: 

Q = aC
m

                                                                       (1.3) 

 

where a is the Freundlich fitting parameter, related to the median binding affinity (K0), and 

m is the heterogeneity index. The heterogeneity index describes the degree of adsorbent 

heterogeneity. Its values range between 0 and 1, and when m becomes closer to 1, the 

heterogeneity decreases and homogeneity increases. The Freundlich isotherm plot is 

obtained by rearranging of the Equation (1.3) to a linear form as: 

log Q  = m log C + log a                                                       (1.4) 

  

By plotting log Q versus log C, the values of a, and m can be calculated from the curve 

equation (m = slope and a = 10-intercept). 

A hybrid model called Langmuir-Freundlich (LF) isotherm was developed to model 

both homogenous and heterogeneous materials at low and high concentrations of sorbate 

[98,103]. This model is also known as the Sips equation [104,105]. In the case of MIPs, the 

Sips equation is used as a function to describe a specific relationship between the 

equilibrium concentration of bound analyte (Q) and the free analyte concentration (C) in 

solution as follows: 

Q = 
Nt aC

m

1 + aC
m                                                               (1.5) 
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where Nt is the total number of binding sites, a is the fitting parameter related to the median 

binding affinity (K0) via K0 = a1/m. The heterogeneity index, m in Equation (1.5), is identical 

to that of the Freundlich isotherm. Since the LF isotherm has three fitting parameters (a, m 

and Nt), the linear analysis is not possible. Alternatively, the solver function in Microsoft 

Excel can be used by plotting log Q vs log C and adjusting the coefficient (R2) to 1 by 

varying the fitting parameters. The advantage of the LF isotherm model over the Freundlich 

isotherm is the ability to measure the value of Nt directly from Equation (1.5) and does not 

require an independent measurement as in the case of Freundlich isotherm. However, the 

Freundlich isotherm is the best model to characterize the binding behaviour of MIPs 

compared to others because of its simplicity in describing the binding behaviour of non-

covalent heterogenous MIPs.  

An important parameter in the imprinting process is called the imprinting factor 

(IF), which is used to evaluate the imprinting effect and to get an idea about the selectivity 

of MIPs. This parameter is calculated using the same data used for the study of equilibrium 

binding. In our work, the binding capacities (Q, µg g-1) of MIP and NIP are calculated using 

the following equation: 

Q  = 
(C0-C) V

𝑚𝑓𝑖𝑙𝑚 
                                                              (1.6) 

where C0 (µg L-1) is the initial concentration of the thiophene compound in the water 

sample, C (µg L-1) is the concentration of the thiophene compound in the water sample at 

equilibrium, V (L) is the volume of the sample, and mfilm (g) is the mass of the MIP film. 
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The IF represents the binding capacity of the MIP (QMIP, µg g-1) over the binding capacity 

of the NIP (QNIP, µg g-1) and is calculated as follows: 

IF = 
Q

MIP

Q
NIP

                                                                                (1.7) 

 

1.5. MIPs for thiophene compounds 

Most MIPs prepared for thiophene compounds are used to extract or remove these 

compounds from fuel or petroleum products. To our knowledge, there is no study or 

work on using MIPs for detecting these compounds in aqueous or environmental media. 

Tom et al. [106] prepared two MIPs by a bulk polymerization technique to remove 4,6-

DMDBT from fuel. The first MIP was prepared with non-covalent imprinting using 

methacrylic acid as a monomer, EGDMA as a cross-linker, AIBN as an initiator, and 

chloroform as porogen. The polymer was packed into a stainless steel HPLC column and 

used as a solid HPLC phase in the analysis of thiophene compounds. The results showed 

that the imprinted polymer retained the 4,6-DMDBT slightly longer (selectivity factor, α 

= 1.1) than the non-imprinted polymer. The second polymer was prepared using nickel 

(II) methacryloylhistidinedihydrate as a monomer with EGDMA and toluene as a 

porogen. This polymer gave a selectivity three times greater (α = 3.2) than the non-

imprinted polymer. 

Xu et al. [107] prepared MIP as a sorbent for DBT from oil using a surface 

imprinting technique. The polymer composites (MIP/K2Ti4O9) are prepared using DBT as 

a template, 4-VP as a monomer, and potassium tetratitanate whiskers (K2Ti4O9) as the 
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carrier; this crystalline material was chosen due to its mechanical and thermal stability. The 

K2Ti4O9 was modified with 3-(methylacryloxyl)propyltrimethoxy silane, and then 4-VP 

was grafted and polymerized on the surface of K2Ti4O9 to produce P4VP/K2Ti4O9. The 

final step was imprinting the DBT over the P4VP/K2Ti4O9 using EGDMA as cross-linker 

and AIBN as an initiator. The prepared MIP showed selectivity for DBT of 2.5 times greater 

than that of other similar compounds such as BT, 4-MDBT, and 4,6-DMDBT. Xu et al. 

[108] also used the same approach by imprinting on a surface of TiO2 particles.  

 

1.6. Detection systems used with MIPs 

MIPs can be coupled to various chromatographic and spectroscopic techniques for 

online and offline analysis. The discussion of detection systems used with MIPs will be 

limited only to those used in this research. 

1.6.1. Gas chromatography mass spectrometry (GC-MS) 

Identification  and quantification of thiophene compounds in oil and marine water 

by gas chromatography (GC) coupled with a mass selective detector (MSD) is common to 

many methods including US EPA methods [9,21,28,109,110]. In GC, the compounds 

injected into the system are separated based on their boiling points and the partition 

between gaseous mobile phase and stationary liquid phase. The elution rate of each analytes 

in the column depends on the strength of adsorption, which in turn depends on the type of 

analyte and on the stationary phase of the column [111,112]. Usually, a mixture of standard 

targeted compounds is injected into the GC to obtain the peak retention times and to 

determine the response factors of these compounds for a selected detector. MS is 
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considered a universal detector and it is very selective compared to the more common flame 

ionization detector (FID) [113]. If the electron ionization (EI) source is used in the GC-MS, 

the analyte ionization and fragmentation will take place after elution from the GC column 

due to the interaction with the energetic electrons in the MS source.  The molecular ions 

and fragment ions are then separated in the mass analyzer based on their mass-to-charge 

ratios (m/z) and a mass spectrum of each component is recorded. The most common mass 

analyzer coupled with GC is the quadrupole mass analyzer (Figure 1.7). This analyzer is 

compact, inexpensive, sensitive, and easy to operate. In addition to the full scan capability, 

it can be operated in selected ion mode (SIM) for higher sensitivity. In this mode, only ions 

with the requisite m/z typical for the targeted compound will be monitored to the exclusion 

of all others. 

 

Figure 1.7. Schematic diagram of a gas chromatography quadrupole mass spectrometer 

(GC/MS), taken with permission from [114]. 
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Although MS is very selective, it does not respond specifically to the sulfur atom 

present in sulfur-containing compounds as does the sulfur chemiluminescence detector 

(SCD). Therefore, with MS the degree of selectivity for thiophene compounds will depend 

on what other sample components give rise to the signal monitored (i.e. isobaric 

interferences). Using an MIP as a selective sorbent material for thiophene compounds prior 

to GC-MS analysis (see Chapter 2) greatly reduces the number of interferents that could be 

introduced with other components into the GC column. Moreover, the selectivity is further 

enhanced by using a highly selective detector such as SCD (see Chapter 3).    

 

1.6.2. Headspace gas chromatography sulfur chemiluminescence detector 

(HS-GC-SCD) 

The thiophene compounds (BT, 3-MBT, DBT, 4-MDBT and 4,6-DMDBT) in this 

targeted research can be classified as semivolatile compounds [110,115]; this makes their 

analysis by a headspace technique (HS) accessible. HS refers to the gas phase components 

in contact and in equilibrium with another phase (liquid or solid), which sequesters most 

non-volatile or less volatile components. An aliquot from the gas phase can be transferred 

to an analyzer after equilibrium is achieved between phases without interference from non-

volatile compounds in the sample. This method is called static-headspace, in which the two 

phases in the sample vial are under static conditions. Another type of headspace is called 

dynamic headspace in which a continuous flow of an inert gas is applied above a liquid or 

a solid sample or is bubbled through a liquid sample to strip out the volatile compounds, 

and then the volatile compounds are concentrated on a sorbent trap that is then rapidly 
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heated to desorb the analytes onto a GC for analysis (purge and trap). Since the method 

used in our work is a static-headspace, the detailed discussion will be limited to this type.  

Headspace techniques can be coupled to various analytical systems such as GC-MS 

and GC-SCD, where the components in the gas phase (vapor) are separated first by GC and 

then detected by MS or SCD. HS-GC methods for the analysis of solid samples are widely 

used. For example, Chai et al. [116] reported a full evaporation HS-GC-FID method for the 

determination of a residual monomer in methyl methacrylate (MMA) polymer latex. The 

full evaporation was used in this method to overcome the problem of irreproducible results 

associated with the analysis of analytes in unpredictably changing sample matrices. 

Therefore, a very small amount (10-30 mg) of sample was used to ensure a near-complete 

transfer of analyte from the solid sample into a vapor phase. Equilibration was reached 

within 5 min at 110 °C. In another application, a determination of sulfur mustard (HD) and 

related compounds in soil samples was reported by Røen et al. [117]  using a HS-GC-MS 

method. According to the author, a 2-mL saturated sodium chloride solution was added to 

the sample vial prior to HS analysis to increase the sensitivity by increasing of the 

partitioning of analytes into the headspace vial. A detection limit of 3 ng g-1 was achieved 

for HD, while other compounds were detected at 0.2-0.7 ng g-1. A shorter equilibration time 

in this method was applied in HD analysis compared to other sulfur compounds due to the 

rapid degradation of HD at a longer equilibration time.  

In Chapter 3 of this thesis, a MIP thin-film was prepared on a glass slide and used 

as a sorbent to extract targeted thiophene compounds from seawater. The MIP film was 

treated as a solid sample and analyzed by HS-GC-SCD. The slide was placed in a headspace 
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vial at a constant temperature for a specific period. When the equilibrium was reached 

between the two phases, a small volume from the gas phase in the vial was injected into the 

GC column followed by a selective detection by SCD. This method is rapid and highly 

selective, since only volatile or semivolatile compounds are injected into the GC column. 

Because of this, the solvent extraction of the MIP film before GC-MS analysis as used in 

Chapter 2 is not necessary. Furthermore, the use of SCD for detection improves the 

selectivity [9,118]. The mechanism of sulfur detection by SCD can be summarized based 

on the following reactions [118]: 

Sulfur compound (analyte) → SO + other products 

SO + O3 → SO2
* + O2   

SO2
* → SO2 + hν (< 300–400 nm) 

In this mechanism, the sulfur monoxide (SO) and other combustion products are transferred 

to the reaction cell. The reaction of SO with ozone (O3), which is generated from the 

ozonator, produces an electronically exited sulfur dioxide (SO2) and oxygen (O2). The 

excited SO2 returns to the ground state and emits a chemiluminescence light, which is 

measured by a photomultiplier tube. The intensity of emitted light from each analyte is 

proportional to the concentration of the analyte in the sample. 
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1.6.3. Desorption electrospray ionization mass spectrometry (DESI-MS) 

DESI is an ambient ionization technique combining electrospray ionization (ESI) 

and desorption ionization (DI) methods [119]. The mechanism of ion formation in DESI 

was explained by a droplet pick-up mechanism [120]. Ionization is accomplished by 

directing an electrically charged spray to the sample surface under ambient conditions 

(Figure 1.8). The electrosprayed charged droplets and ions of solvent impact the surface of 

the sample with a specific velocity and form a thin layer on the surface, where extraction 

(or dissolution) of the analyte occurs. The impact of the charged droplets on the wetted 

surface generate gaseous ions of the analytes originally present on the surface. After solvent 

evaporation and ionization, the formed ions travel through the air to the interface and then 

to the mass spectrometer. 

 

 

Figure 1.8. DESI source adapted with permission from [119]. 
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In DESI analysis, no matrix is required as is the case for the matrix-assisted laser 

desorption/ionization (MALDI) technique [121], and usually an aqueous sample is 

deposited on an inert surface such as a polytetrafluoroethylene (PTFE) plate. The signal 

intensity in the mass spectrometer depends on many factors such as the type of analyte, the 

spray angle (α) and ions collection angle (β), the distance between the electrospray emitter 

and the surface, and the distance between the surface and the mass spectrometer inlet. These 

factors must be optimized to produce a higher signal intensity [119]. Several mass 

spectrometers have been used with DESI, such as triple quadrupole [122], quadrupole-time-

of flight (QTOF) [123], linear ion trap [124], Orbitrap [125], and Fourier transform ion 

cyclotron resonance (FTICR) [126] mass spectrometers. The limits of detection in DESI is 

greater than those in the corresponding ESI experiments by an order of magnitude 

(femtomole). Standard deviations below 5% and accuracies of ±7% (relative error) have 

been reported [127]. DESI experiments can be applied to ionize polar and non-polar 

compounds, and it is applicable to small and large molecules [128]. Although DESI can be 

applicable to non-polar compounds, there is no reported work for the analysis of thiophene 

compounds by DESI, so it can be expected that the desorption ionization of thiophene 

compounds in DESI analysis will be very weak. This may be attributed to the high 

ionization energy of thiophene compounds which make their ionization by a soft ionization 

technique such as DESI unfavourable. 

An example of the capability of DESI to ionize non-polar compounds is in the 

analysis of PAHs in biomass burning and ambient aerosols by Chen et al. [129].  The typical 

positive ion DESI spectrum of the analysis of PAHs in aerosols is shown in Figure 1.9. 
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They used methanol/acetic acid as the solvent spray to form molecular ions and protonated 

ions of PAHs. Although the method was used successfully to ionize targeted PAHs, the 

signal-to-noise ratio for some PAHs was poor and the sensitivity was low. This may be 

attributed to the high ionization energy of PAHs. 
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Figure 1.9. A typical DESI mass spectrum of PAHs from (a) biomass burning aerosol (b) 

ambient aerosol. Acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flo), anthracene 

(Ant), phenanthrene (Phe), fluoranthene (Flu) and pyrene (Pyr), benzo[a]anthracene (BaA), 

chrysene(Chry), benzofluoranthene (BbF), benzo[k],fluoranthene (BkF), benzo[a]pyrene 

(BaP), and dibenzo[a,h]anthracene(DbA).  The inset shows the MS/MS of the m/z = 252 

ion for BbF/BkF/BaP, adapted with permission from [129]. 
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To improve the peak intensity and sensitivity of PAHs, a reactive DESI experiment 

was used. Eftekhari et al. [130] developed a new detection method for PAHs based on 

cationization with silver ions. The addition of silver ions to the solvent spray (methanol) 

improved the sensitivity for PAHs and provided a good method to distinguish between the 

PAHs isomers. The interaction between the silver ion and the PAHs produced three main 

complexes [Ag(PAH)n]+ (n = 1, 2), and [OH + Ag + PAH]+ as seen in Figure 1.10. The 

ratios of the [PAH]+ peak intensity to that of [Ag + PAH]+, [Ag + OH + PAH]+, 

[Ag(PAH)2]
+, and [PAH + O2]

+ were used to differentiate the PAH isomers sharing the 

same molecular formula with different structures.  

 

Figure 1.10. DESI-MS spectra of the isomer pairs: (a) anthracene and phenanthrene, and 

(b) pyrene and fluoranthene. Adapted with permission from [130]. 
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Van Biesen et al. [82] reported the first use of MIP with DESI-MS for the 

detection of 2,4-dichlorophenoxyacetic acid (2,4-D) in water. The prepared MIP film 

was used to extract the analyte from a spiked tap water and river water. The selectivity 

of the MIP was compared to a non-imprinted polymer (NIP) using a sample river water 

spiked with 2,4-D and structurally related compounds phenoxyacetic acid (PAA), 4-

chlorophenoxyacetic acetic acid (4-CPA), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 

and 2,4-dichlorophenylacetic acid (2,4-DCAA). The DESI-MS spectra of the MIP and 

NIP demonstrate the selectivity of MIP toward the analyte over the NIP (Figure 1.11). 

The MIP was shown to be much more selective toward the chlorinated analogous than 

the NIP. 

 

Figure 1.11. DESI-MS of a MIP (a) and a NIP (b) used for extraction from a 0.10 mg L-1 

solution of 2,4-D and analogs in river water. The results for tap water are similar. The 

maximum absolute intensity of the base peak in (a) is 407, in (b) 195, taken with permission 

from [82]. 
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The previous example showed the applicability of DESI-MS to analyze the analytes 

bound to the MIP thin-films. This technique seems to be attractive since it is fast, sensitive 

and selective. Direct DESI analysis of the film, eliminates the extraction step needed after 

sample uploading as in the case of the analysis of thiophenes-MIP by GC-MS (see Chapter 

2, Section 2.3.7). The sample exposed surface of the MIP film makes it suitable for high-

throughput analysis, since many MIP films can be analyzed serially by DESI-MS. 
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1.7. Thesis objectives 

The first objective of this thesis was to develop a new molecularly imprinted polymer thin-

film (MIP thin-film) to extract thiophene compounds selectively from water samples. The 

second objective was to optimize the components of MIP to get the effective thin-film 

composition for the analysis of thiophene compounds in aqueous media. The third objective 

was to find a good methodology to produce a thin-film with acceptable shape and porosity 

to obtain a robust and reproducible film for the analysis. The final objective was to couple 

the developed thin-films with various chromatographic and mass spectroscopic analytical 

techniques, such as GC-MS, HS-GC-MS, and DESI-MS to establish more rapid and 

sensitive methods with desired reproducibility compared to the corresponding methods 

reported in the literature. 
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Chapter 2: Novel molecularly imprinted polymer thin-film as micro-

extraction adsorbent for selective determination of trace concentrations 

of thiophene compounds in water 
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2.1. Abstract 

A novel porous molecularly imprinted polymer thin-film (MIP thin-film) was prepared 

by in situ photo-radical polymerization on a glass slide and used as a micro-extraction 

adsorbent. Detection was carried out using gas chromatography-mass spectrometry (GC-

MS) to afford a method suitable for the selective determination of trace concentrations of 

thiophene compounds in water. Thiophene compounds such as dibenzothiophene (DBT) 

are considered the most problematic aromatic organic pollutants, as they are more persistent 

and toxic compared to other analogous aromatic compounds in the environment. Various 

MIPs compositions were prepared and tested to obtain the best MIP thin-film for thiophene 

compounds analysis. The optimized thin-film consisted of 2-thiophenecarboxaldehyde as 

the template, 1-vinylimidazole (1-Vim) as the monomer, bisphenol A dimethacrylate 

(BPADMA) as the cross-linker, acetonitrile as the porogen, and PEG as additive. 2-

Thiophenecarboxaldehyde was used as a pseudo-template to avoid the positive bias 

associated with template bleeding, which can be problematic in trace analysis. To improve 

the film porosity and wettability, the principle of interpenetrating polymer networks (IPN) 

was implemented by adding a linear polymer (polyethylene glycol, PEG, MW 20,000) to 

the pre-polymerization mixture. The adsorption behaviours of the thin-film, including 

stirring speed of analysis, adsorption kinetics, effect of sample volume, binding isotherms, 

and selectivity of MIP thin-film were investigated in detail. The highest adsorption capacity 

and imprinting factors (IFs, 2.21-2.93) for all thiophene compounds were achieved at the 

template:monomer:cross-linker ratio of 1:4:8. The SEM images revealed that the optimized 

MIP thin-film exhibited a more porous structure compared to the non-imprinted one. 
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Excellent reproducibility was achieved for the extraction of thiophene compounds from 

spiked seawater samples (RSDS ≤ 6.0%, n = 3). Calibration curves of spiked seawater were 

linear over a range of 0.5-100 µg L-1 and limit of detection values were in the range of 

0.029-0.166 µg L-1. These results showed the suitability of MIP thin-film as a selective 

adsorbent for the selective extraction of thiophene compounds from water samples. 
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2.2. Introduction 

Our environment is continuously impacted by oil through regulated discharges, 

accidental oil spills, shipping related inputs, run-off and intentional dumping.  Every year, 

380 million gallons of oil enter the world’s oceans and coastal waterways from natural and 

human sources [1]. Thiophene compounds together with other sulfur containing compounds 

are present in petroleum in concentrations up to 10%, depending on the source [2]. They 

are usually removed by hydrodesulfurization process, in which  hydrocarbons  and 

hydrogen sulfide form [3]. Thiophene compounds such as DBT are considered the most 

problematic components in petroleum products due to their possible mutagenicity, 

carcinogenicity, and acute toxicity, particularly when compared  to other analogous 

compounds in the environment [4–7]. 

There are few methods of analysis in the literature that selectively target thiophene 

compounds; most of these methods were developed for PASHs analysis with PAHs. The 

methods for PASHs usually involve the use of non-selective solid-phase extraction (SPE), 

which uses significant volumes of organic solvents for pre-conditioning and elution, and 

pre-concentration is achieved simultaneously with many other species [8–10]. 

Consequently, chromatograms often include undefined and unresolved peaks making 

identification and detection more complicated and difficult. The limitations of SPE can be 

overcome by using selective material such as MIPs. 

MIPs are synthetic polymers with artificial molecular recognition sites formed by a 

polymerization process in the presence of a template molecule. Molecular imprinting can 

be achieved via covalent or non-covalent interactions between the template and functional 
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monomers during the polymerization process. The template removal after the 

polymerization process creates selective binding sites compatible with the size and shape 

of the analyte. Therefore, analytes with correct geometry and functionality will rebind 

selectively to these sites [11–13]. MIPs should be rigid enough to maintain the structure of 

the cavities after removing the template, while keeping some flexibility for the releasing 

and uptaking of the template [13].  

The main advantage of using MIPs is the low cost of preparation compared with 

other materials that show high selectivity [12]. MIPs are also stable over a range of 

temperatures and pressures, and in acids, bases, and organic solvents [14]. 

Optimization of the MIP composition is very important when non-covalent 

imprinting is used. The key to success in this process is the initial selection of a suitable 

monomer that offers the best possible interaction with the template, followed by the 

optimization of the template to monomer and monomer to cross-linker ratios. Theoretically, 

any template can be used for imprinting but the template bleeding during analysis can 

artificially elevate the sample background and thus limits the application of MIP for trace 

analysis [15–17]. To overcome this problem, a pseudo-template which has an analogous 

structure with the original template, can be used. Traditional MIP preparation methods, 

such as bulk polymerization, usually produce selective polymers with high affinity, but 

sometimes features low capacity and poor ability for mass transfer of analytes to the 

selective sites. Moreover, the process of sieving can produce particles that have irregular 

shapes and sizes, while the grinding process can destroy some selective sites in the polymer. 

All these limitations could lead to an MIP with very poor analytical performance [18]. In 
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order to avoid these problems,  MIPs can be prepared as thin-films; spin coating and 

“sandwiching” techniques are common methods of doing so [19–21]. Spin coating methods 

produce films with a controlled and uniformed thicknesses, but problems such as low 

viscosity and high volatility of the pre-polymerization mixture frequently make this method 

unsuitable for MIP preparation [19,22]. “Sandwiching” and drop casting techniques are 

simple and effective alternatives methods for thin-film preparation. 

The role of the porogen (solvent) is significant and careful selection of a proper 

porogen is necessary to produce a porous polymer. Some experimental studies found that, 

the highest analyte rebinding to the polymer in the analysis can be obtained when carried 

in the same solvent used in the imprinting process [23,24].  Water has been used as a 

porogen; for example, a water-compatible polymer has been used for the detection of 1-

methyladenosine in human urine samples [25], but unfortunately, imprinting in water can 

be difficult due to the limited range of water-soluble monomers and cross-linkers [26].  

To our knowledge, there is no published work in the literature on the preparation or 

use of MIPs films for the analysis and detection of thiophene compounds in aqueous 

medium. Most MIPs prepared for these compounds are used to extract or remove these 

compounds from fuel or petroleum products [27–29]. In this research, a novel porous MIP 

thin-film was prepared on a glass substrate, and used for the selective extraction of 

thiophene compounds in water followed with detection by GC-MS in full scan and SIM 

mode. The morphology of thiophenes-MIP was assessed qualitatively using scanning 

electron microscopy (SEM). An improved porosity for the thin-film was achieved by 

adding the linear polymer polyethylene glycol (PEG) to the pre-polymerization solution to 
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exploit the advantages of polymers created with an interpenetrating polymer networks 

(IPN) principle [30]. The binding behaviour of MIP thin-films was assessed using the 

Freundlich isotherm model. This model was chosen due to its capability of evaluating the 

heterogeneity of MIPs. Adsorption behaviours and selectivity were investigated in detail. 

The prepared MIP thin-films were used successfully to extract thiophene compounds from 

water samples with no pre-treatment. Although there is a review in the literature which 

claims that, the films prepared by “sandwiching” technique cannot give reproducible results 

[31]. Our work revealed that it is possible to obtain a reproducible MIP films with 

satisfactory imprinting properties using this technique. 

 

2.3. Materials and methods 

2.3.1. Materials 

Benzothiophene (≥95%), 3-methylbenzothiophene (96%), dibenzothiophene (≥ 

99%),  4,6-dimethyldibenzothiophene (97%), 2-thiophenecarboxaldehyde (98%), p-cresol 

(99%) and indole (98%), fluorene-d10 (99%), methacrylic acid (99%), 4-vinylpyridine 

(95%), acrylamide (≥99%), 1-vinylimidazol (≥99%), acrylonitrile (≥99%), allylamine 

(≥99%), ethylene glycol dimethacrylate (98%), bisphenol A dimethacrylate (˃98%), 2.2-

dimethoxy-2-phenylacetophenone (99%), polyethylene glycol (average MW 20,000), 3-

(trimethoxysilyl)propyl methacrylate (98%) were all purchased from Sigma Aldrich, 

Canada. Methanol, acetonitrile, chloroform, hexane, toluene, 1-octanol and hydrochloric 

acid (37% w/w) were ACS reagent grades and purchased from ACP chemicals. Glass slides 

(25 × 75 mm2) and micro cover glasses (18 × 18 mm2) were purchased from Fisher 
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Scientific, Canada. Deionized water (18 MΩ.cm) was produced by Barnstead Nanopure 

Diamond (18 MΩ) water purification system (Barnstead Nanopure Water Systems, Lake 

Balboa, CA, USA). 

 

2.3.2. Pre-treatment and derivatization of glass slides 

As stated previously, the MIPs were prepared on glass slides. To ensure a permanent 

adhesion, the slides were functionalized to allow the MIPs to be covalently grafted to the 

surface. In this process, the cut pieces of glass slides (25 x 25 mm2) were first soaked in a 

solution of methanol/hydrochloric acid (1:1) for 30 min, and then the slides were rinsed 

with tap water and deionized (DI) water and then dried at room temperature. The cleaned 

slides were placed in a silanization solution of 2% (v/v) of 3-(trimethoxysilyl) propyl 

methacrylate in toluene overnight (~12 h). The glass slides were finally washed with 

methanol and dried under nitrogen. The prepared glass slides were stored in a dark place 

until their use. The functionalized slides can be stored for several weeks without any 

noticeable loss in performance.  

 

2.3.3. Preparation of MIP thin-films 

Preparation of MIP thin-film was carried out via photoinitiated radical 

polymerization between a derivatized glass slide (25 x 25 mm2) and a quartz cover glass 

slide (18 x 18 mm2) (“sandwiching” technique) in four steps (Figure 2.1). In the first step, 

all ingredients (Table 2.1), including the template, monomer, cross-linker, porogen and 

additives (if applicable), were pipetted or weighed, and then vortexed until dissolution. The 
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mixture was degassed in a sonicator for 5 min to remove dissolved air. In the second step, 

8 µL of the pre-polymerization complex was pipetted onto the center of a derivatized glass 

slide, and then covered immediately by a quartz cover slide. After the pipetted amount was 

left to spread evenly between the surface of the slide and the cover, the slide is exposed for 

45 min to UV-light (λ=254 nm, 6W) produced from a hand-held UV lamp. In the third step, 

the cover slide was immediately removed using a sharp blade leaving the glass slide with 

the MIP film attached. To extract the template, the MIP coated slide was placed in methanol 

and was stirred for 3 h; this was then repeated for another 1 h with fresh methanol. 

In the last step, the MIP slide was removed and rinsed with methanol and DI water 

and then dried at room temperature. The prepared slide can be stored and used after several 

weeks without any changes in analytical performance. The mass of the film (mfilm, ~ 0.004 

g) was obtained by subtracting the mass of the glass slide before polymerization from the 

mass of the slide with the attached film. An analytical balance (Mettler Toledo XS 105) 

with an accuracy of 0.01 mg was used for these measurements. The non-imprinted polymer 

was prepared in the same way, but in the absence of the template. 

 



69 
 

 

Figure 2.1. Preparation process of MIP thin-film on a glass slide. 

 

 

2.3.4. Characterization of the thin-films 

Scanning electron microscopy (SEM) images were taken using FEI Quanta MLA 

650F SEM, acceleration voltage of 15 kV, and at a magnification of 50,000 times. The film 

thickness was determined using the instrument software from the cross-section images for 

the edges of MIP thin-film which taken with a 36° tilt angle at 10 kV accelerating voltage. 

All samples were sputtered with gold prior to analysis. 

Analytical performance and optimization of the MIP thin-films were characterized 

by quantifying the bound analytes using an Agilent 6890 gas chromatograph (Mississauga, 

ON, Canada) equipped with an Agilent 7683 auto-sampler and coupled to an Agilent 5973 

mass selective detector (MSD). Instrument control and data analysis were performed using 

Agilent ChemStation software version D.01.00 Build 75. A fused-silica capillary column 

(DB-5MS, 30 x 0.25 i.d.) with 0.25 µm stationary film thickness was used with helium 

(purity 99.999%) as the carrier gas with a flow rate of 1.2 mL min-1. The initial oven 
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temperature was held at 50 °C for 1 min, and then increased to 280 °C at 20 °C min-1, and 

was held at this temperature for 1 min. The total analysis run time was 13.5 min. The 

injector temperature was set at 280 °C and the injection was performed in the splitless 

mode. 

2.3.5. Optimization and rebinding experiments 

Various compositions of MIP films (Table 2.1) were prepared using 2-thiophene 

carboxaldehyde as a pseudo-template with different monomers, cross-linkers, and 

porogens, and then tested using binding experiment. The optimization experiments were 

performed first to select the best monomer. In the optimization experiment, the 

template:monomer:cross-linker (T:M:C) in a typical mole ratio of 1:4:20 was used to 

prepare MIP1-6. Several porogens including chloroform, methanol, acetonitrile, 1-octanol, 

and 1-octanol: methanol (1:1) were tested in the preparation of these polymers to determine 

the best porogen for the preparation. To improve the porosity of the thin-film, a PEG (MW 

20,000) polymer was added to the pre-polymerization mixture in a concentration of 25% 

(w/w). This mixture was used to prepare MIP7-11 (Table 2.1 and 2.3). The adsorption 

capacity of the polymer was improved by using BPADMA as a cross-linker, instead of 

EDGMA, to prepare MIP8-11. The best T:M:C ratio was obtained by testing different ratios 

for the 1-Vim-BPADMA polymer (MIP9-11, Table 2.3). DMPA was used as photoinitiator 

in all MIP preparations. Acetonitrile was selected as the best porogen in the preparation of 

the final composition of MIP films.  

In the rebinding experiments, each MIP slide was placed in a 100-mL beaker 

containing 40 mL of water spiked with a mixture of thiophene compounds at a 



71 
 

concentration of 100 µg L-1 each for uploading and was stirred for 2 h at room temperature. 

Stock spiking solutions of thiophene compounds were prepared in acetonitrile and stored 

in the refrigerator at 4 °C when not in use. Working solutions were prepared daily by 

appropriate dilution of the spiking solutions with distilled water. The amount of analyte 

adsorbed in the MIP on each slide Qt (µg g-1) at time t was calculated using the following 

equation: 

Qt = 
(C0-Ct) V

m𝑓𝑖𝑙𝑚 
                                                              (2.1) 

where C0 (µg L-1) is the initial concentration of thiophene compound in the water sample, 

Ct (µg L-1) is the concentration of thiophene compound in the water sample at time t, V (L) 

is the volume of the sample and mfilm (g) is the mass of the polymer film.  

 

2.3.6. Adsorption kinetics and binding isotherm experiments 

Binding experiments were performed to examine the adsorption kinetics and 

binding isotherms for the optimum composition of MIP thin-film in this work (MIP9, Table 

2.4). In the adsorption kinetics experiments, each MIP slide was placed in a 250-mL beaker 

containing 200 mL of seawater spiked with thiophene compounds at a concentration of 50 

µg L-1 with stirring. Uploading was studied for specific periods of time (1-24 h) at room 

temperature. The amount of adsorbed analyte in each slide Qt (µg g-1) at time t was 

calculated using the Equation (2.1) in Section 2.3.5 for each time. 
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The adsorption binding isotherm experiments were carried out by placing several 

MIP (or NIP) films in 100-mL beakers, each containing 40 mL of seawater sample spiked 

with thiophene compounds at initial concentrations of thiophene compounds ranging from 

5 to 80 µg L-1. The samples were left to upload for 15 h (equilibration time) at a stirring 

speed of 500 rpm. The binding capacity of analyte in each slide at equilibrium (Q, µg g-1) 

was calculated using the following equation: 

Q = 
(C0-C) V

m𝑓𝑖𝑙𝑚 
                                                              (2.2) 

The heterogeneity index (m) and fitting parameter constant (a, µg g-1) were 

determined from the Freundlich isotherm curve, which was obtained from plotting of the 

following equation:  

log Q = m log C + log a                                                         (2.3) 

 

where C is the free concentration of the analyte in the sample (µg L-1).  

The imprinting factor (IF) values for all thiophene compounds were calculated 

using the Equation (1.6) and (1.7). Higher IF values indicate that the imprinting is 

successful and selective interactions exceed the non-selective sorption capacities intrinsic 

to the polymer components.  
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2.3.7. Analysis of real samples 

Seawater samples were collected from St. John’s harbour, (NL) in 4-L pre-cleaned 

amber glass bottles. No preservation method was used in the sampling process. The bottles 

were filled to the top to eliminate headspace, stoppered with screw caps, and sealed with 

Parafilm, and then labeled and stored in a cold place (~4 °C) until use.  

For each sample, a single MIP slide was placed in a 100-mL beaker containing 40 

mL of seawater spiked with known concentrations of thiophene compounds. The slide was 

left to upload with stirring for a specific period (usually 2 h). After uploading, the slide was 

removed from the solution and rinsed with a small amount of DI water, and then dried at 

room temperature for 5 min. The slide was then placed in a beaker containing 10 mL of 

hexane for extraction with stirring for 2 h. After the extraction finished, the slide was 

removed and the extract spiked with the internal standard (fluorene d-10), and then reduced 

to 1 mL under nitrogen.  A 1-µL portion of this solution was injected directly into the GC-

MS for analysis. The mass spectra were recorded in a selected ion monitoring (SIM) mode, 

using 70 eV in the electron impact ionization source. The quantifier ions for the SIM were: 

m/z = 134 for BT; m/z = 148 for 3-MBT; m/z = 184 for DBT; m/z = 212 for 4,6-DMDBT; 

m/z = 107 for p-cresol and m/z = 117 for indole. The limit of detection (LOD) for each 

analyte was calculated as the concentration which is equal to 3 standard deviation of the 

lowest detectable concentration over the slope of the calibration curve. All MIP films 

analyses were conducted in triplicate. The binding capacity of each analyte adsorbed by 

MIP (Qt) at a time t was calculated as previously indicated. 
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2.4. Results and discussion 

 

2.4.1. Optimization of MIP thin-film composition 

The noncovalent imprinting approach was adapted in this work to develop the thiophenes- 

MIP. Thiophene compounds such as DBT have a low number of functional groups (Figure 

2.2), which makes their interactions with the selected monomer weak. Additionally, the use 

of the target analyte as the template in the imprinting of MIPs could lead to template 

bleeding during the analysis, which significantly elevates the sample background and 

restricts the application of the MIP. To overcome these problems, a pseudo-template with 

an analogous structure to the targeted analytes can be used in the imprinting process. In this 

work, 2-thiophenecarboxaldehyde was selected and used as pseudo-template in the 

preparation of MIP films (Figure 2.2). In addition to the possible π-π interaction between 

thiophenic ring of the template and the imidazole ring of 1-vinylimidazole monomer, this 

template also has an aldehyde group in its structure which could enhance the interaction 

with the selected monomer in the formation of the selective cavities. This has the potential 

to form a stronger template-monomer complex that is more likely to be conserved through 

the polymerization process. Consequently, more cavities with appropriate geometry would 

be formed. It is expected that the necessary interactions such as π-π interactions, hydrogen 

bonding, sulfur-nitrogen or sulfur-oxygen interactions between the target analyte and those 

monomers would be conserved with this template. 
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Figure 2.2. Chemical structure of targeted thiophene compounds and pseudo-template. 

 

Six MIP film compositions (Table 2.1) were prepared using different monomers 

(Figure 2.3). The initial selection of these monomers was made based on the possibility of 

having strong interactions with the selected template. They were used in excess compared 

to the selected template to shift the equilibrium towards the formation of the template-

monomer complex, which leads to the formation of more selective recognition cavities 

inside the MIPs.  



76 
 

 

Figure 2.3. Selected monomers and cross-linkers. 
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Table 2.1. Composition of MIP pre-polymerization mixtures. 

 

Polymer 

 

Template 

 

Monomer 

 

Cross-linker 

 

 

Photo-initiator 

 

 

Solvent 
 

PEG 

(25% 

w/w) 
1-octanol/MeOH 

1:1 

 

ACN 

MIP1 

 

 

2-thiophene 

carboxaldehyde 

0.18 mmol 

(20.0 µL) 

MAA 

0.71 mmol 

(60.5 µL) 

 

 

 

 

 

 

 

 

EDGMA 

3.57 mmol 

(673 µL) 

 

 

 

 

 

 

2.2-dimethoxy-2-

phenylacetophenone 

(DMPA) 

 

0.06 mmol 

(15.7 mg) 

1000 µL 

 

 

 

 

 

 

 

 

 

- 

 

 

 

 

 

 

 

 

 

- 

MIP2 

4-VP 

0.71 mmol 

(77.1 µL) 

1020 µL 

MIP3 
AM 

0.71 mmol 

(50.7 µL) 

984 µL 

MIP4 
1-Vim 

0.71 mmol 

(64.6 µL) 

1006 µL 

MIP5 
Ac 

0.71 mmol 

(46.7 µL) 

982 µL 

MIP6 
AAM 

0.71 mmol 

(53.4 mg) 

990 µL 

MIP7 

1-Vim 

0.71 mmol 

(64.6 µL) 

- 800 µL 195 mg 

MIP8 

2-thiophene- 

carboxaldehyde 

0.11 mmol 

(10.3 µL) 

 

1-Vim 

0.44 mmol 

(39.8 µL) 

 

BPADMA 

2.20 mmol 

(800 mg) 

0.04 mmol 

(9.6 mg) 
- 675 µL 210 mg 
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Several porogens were tested at the beginning of the work to find an appropriate 

porogen for the preparation of MIP films. Examples are chloroform, methanol, acetonitrile, 

and 1-octanol. Among all these porogens, only 1-octanol gave a stable and opaque film 

with a uniformly shaped surface. The films prepared with chloroform, methanol, and 

acetonitrile were brittle, flaky and weak with a glassy appearance (Figure 2.4 a), b) and c). 

 

 

Figure 2.4. MIP films prepared with a) chloroform, b) methanol, c) acetonitrile d) 1-

octanol, and e) acetonitrile-PEG. 

  

The good results obtained for the MIP film using 1-octanol as a porogen can be 

attributed to the early phase separation that occurred during the photo-polymerization, 

which results in the formation of large pores in the polymer network, while in the case of 
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the other solvents, it is possible that the slow phase separation leads to much smaller pores 

and unstable “glassy” morphology [32,33]. Based on these results, 1-octanol was selected 

at the beginning of the work as the best porogen to prepare the six different MIP 

compositions. Unfortunately, the prepared thin-films showed poor imprinting factors (IF 

≤1.13) for all thiophene compounds. The low IF results for thiophene compounds may be 

ascribed to the poor accessibility of the analytes to the binding cavities of the MIP due to 

the use of cover slides in the preparation of the thin-films. It seems that the use of cover 

slide lead to the formation of a coherent non-porous layer on the surface of the polymer. 

Obtaining porous MIP thin-films with good porosity is very important because it enables a 

good access to the selective binding sites [34]. An attempt was made to make the upper 

layer of the thin-film more porous by using of a mixture of 1-octanol:methanol (1:1) as a 

porogen in the preparation of the six polymers. An improvement in the imprinting factors 

of the thiophene compounds was observed when a mixture of 1-octanol and methanol was 

used as a porogen. Therefore, this porogen is used the preparation of the six polymers 

(Table 2.1). From Figure 2.5 among the selected monomers, the MIP4 (1-vinylimidazole-

MIP) showed the highest binding capacity and imprinting factors (Table 2.2) for all 

thiophene compounds. Thus, 1-vinylimidazole was selected as the best monomer for 

thiophenes-MIP. 
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Table 2.2. Imprinting factors (IFs) for MIP compositions prepared with different 

monomers using 1:1 ratio of 1-octanol:methanol mixture as a porogen. 

 

Polymer 

 

Monomer 

 

Cross-linker 

 

Analyte 

 

BT 3-MBT DBT 4,6-DMDBT 

MIP1 MAA  

 

 

 

EDGMA 

 

1.15 1.09 1.10 1.22 

MIP2 4-VP 1.04 1.05 1.09 1.12 

MIP3 AM 1.39 1.34 1.42 1.40 

MIP4 1-Vim 1.22 1.49 1.64 1.66 

MIP5 AC 1.06 1.07 1.14 1.26 

MIP6 AAM 1.12 1.21 1.27 1.05 

 

 

 

Figure 2.5. Comparison between six MIP films prepared as adsorbents for thiophene 

compounds from. Error bars represent standard deviation. 
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A small improvement in the imprinting factors of thiophene compounds with 

insufficient reproducibility (RSDS 5.0-18.0%) was observed when 1-octanol:methanol was 

used as a porogen. It was concluded from this study that perhaps this porogen was not 

enough to produce MIP films with higher imprinting factors and acceptable reproducibility 

as seen above.  

Given that a range of solvent systems had been tried, a new approach was taken. 

The concept of interpenetrating polymer networks (IPN) was adapted in the preparation of 

the MIP films. A linear polymer-polyethylene glycol (PEG) with high molecular weight 

(MW 20,000) was added to the pre-polymerization mixture of MIP7 (Table 2.1). The 

percentage of PEG in the initial composition of the MIP film was 25% (w/w). Acetonitrile 

was found to be the best porogen for all components in the mixture. The resulting thin-film 

exhibited a shape similar to that obtained using 1-octanol as a porogen (Figure 2.4 e), but 

with improved properties as will be seen later. 

 

To understand the role of PEG in producing films with good properties, we can refer 

to the films prepared using porogens such as chloroform, methanol and acetonitrile in the 

absence of PEG. During the polymerization process, the porogen determined the shape and 

pore structure of the polymer. An early phase separation forms a polymer with a porous 

structure while, a late phase separation could lead to the formation of a gel-like polymer. It 

seems that the presence of PEG enhances early phase separation and prevents the formation 

of the glassy film due to the low solubility of the newly forming crosslinked polymer.  
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One of the success keys of this work was the preparation of a viscous pre-

polymerization mixture. When a small amount of the viscous mixture is placed on the slide, 

it will spread slowly and distribute evenly after being covered with the cover slide. The 

viscosity of the mixture can be modified by changing the percentage of components relative 

to the solvent (acetonitrile) until a mixture with acceptable viscosity is obtained. Although 

this may seem to be somewhat subjective, the viscosity is crucial in producing a thin-film 

with a uniform thickness and a regular surface shape in this preparation method. We found 

that the optimum percentage of all components in acetonitrile is 56.0 % (w/w). 

The cross-linker has a major impact on the physical characteristics of the MIP as it 

controls the morphology of the polymer, stabilizes the imprinted sites, and improves the 

mechanical stability. However, some researchers found that the cross-linker has a less 

effect on the specific interactions between the template and the monomer [35–37]. The 

effect of its amount on the binding capacity and affinity of MIP was also studied. For 

example, Rampey et al. [38] studied this effect and observed a small change in the binding 

properties of the MIPs in his study. In an effort to further improve the adsorption properties 

of our thiophenes-MIP, another cross-linker, bisphenol A dimethacrylate (BPADMA), was 

used to prepare a new MIP thin-film (MIP8, Table 2.1). The binding capacities this polymer 

was compared with the binding capacity of the polymer prepared with EDGMA (MIP7), as 

seen in Figure 2.6. 
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Figure 2.6.  Comparison between the two MIP thin-films prepared with different cross-

linkers (n=3). Error bars represent standard deviation.  

 

The MIP8 showed a higher binding capacity compared to the MIP7, especially for 

BT and 3-MBT. This improvement may be attributed to the π-π interaction between the 

aromatic rings in BPADMA and the thiophenic group of targeted compounds. In our work, 

the greatest impact on the binding capacity and imprinting factors of the MIP was expected 

to be from the changes in the template and monomer concentrations, therefore, the 

concentration of the BPADMA was kept almost constant, while the concentration of the 

template and the monomer were varied (Table 2.3). 
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Table 2.3. Optimization of template to monomer to cross-linker ratio of 1-Vim-

BPADMA MIP. 

 

Polymer 

 

M:C 

 

 

2-thiophene- 

carboxaldehyde 

 

1-Vim 

 

BPADMA 

 

DMPA 

 

Acetonitrile/ 

(PEG, 25% w/w) 

 

MIP9 

 

1:2 

 

0.27 mmol 

(25.6 µL) 

 

1.10 mmol 

(99.4 µL) 

 

 

 

2.20 mmol 

(800 mg) 

0.05 mmol 

(12.1 mg) 

930 µL 

(300 mg) 

 

 

MIP10 

 

1:4 

 

0.14 mmol 

(12.8 µL) 

 

0.55 mmol 

(49.7 µL) 

 

0.04 mmol 

(10.0 mg) 

870 µL 

(285 mg) 

 

MIP11 

 

1:8 

 

0.07 mmol 

(6.4 µL) 

0.27 mmol 

(24.9 µL) 

0.04 mmol 

(9.0 mg) 

838 µL 

(275 mg) 

 

From Figure 2.7 it can be observed that the 1:2 M:C mole ratio gave the highest 

total binding capacity (Total Qt) and imprinting factors for thiophens (MIP9, Table 2.4). It 

seems that increasing of the concentration of the template and the monomer while keeping 

a constant mole ratio between them (1:4) produced more binding sites in the polymer. 

However, in this research, the MIP films prepared at monomer to cross-linker ratios less 

than 1:2 were weak and exhibited non-rigid structures and low reproducibility. The 

obtained imprinting factors were 2.93, 2.74, 2.86, and 2.21, for BT, 3-MBT, DBT, 4,6-

DMDBT respectively. 
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Figure 2.7. Optimization of the template to monomer to cross-linker ratio (n=3). Error 

bars represent standard deviation. 

 

Table 2.4. Total binding capacity, average imprinting factors and relative standard 

deviations for 1-Vim- BPADMA MIP at different M:C ratios. 

 

Polymer 

 

M:C Total Qt (µg g-1) RSD (%) Average IF 

NIP9 

1:2 

656.0 5.2 - 

MIP9 1868.3 4.9 2.85 

NIP10 

1:4 

741.1 3.7 - 

MIP10 1603.9 2.9 2.16 

NIP11 

1:8 

976.4 1.4 - 

MIP11 1643.4 

 

2.3 

 
1.68 
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2.4.2. Morphology of the thin-films 

SEM images were taken of the surface of the MIP9 and NIP9 thin-films (Figure 2.8 

a) and b)). Both films exhibited porous surfaces, but the surface of the MIP showed 

significantly more porosity, with the appearance of more homogenous and more uniform 

pores on the surface.  

 

Figure 2.8. SEM of a) the surface of MIP and b) NIP films and c) cross-section of MIP 

film. 
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Although the addition of the linear polymer PEG was performed to improve the 

porosity of the thin-film, it is difficult to compare the porosity of the MIP film to that of 

the NIP film based on their SEM images, because the PEG was added to both. The 

improvement in the porosity can be ascribed to the removal of the template from the MIP 

film after washing the slide with methanol. This can be noticed also from the binding 

studies obtained in this research for the MIP and NIP films, which showed a better binding 

capacity for MIP compared to NIP. It seems that the presence of the template during the 

polymerization process not only aided in the formation of the selective binding sites in the 

polymer, but also caused some changes in the morphological properties of the polymer, 

such as the porosity. The thickness measurement for the edges of the MIP film (Figure 2.8 

c) showed a uniform thickness of ~13.5 µm. 

To investigate if the adsorption of analytes occurs at the surface or within the film, 

or both, the mass and thickness of MIP film can be varied while keeping its area constant 

(18 x 18 mm2). To prepare these films, different volumes (6, 8, 10 µL) from the pre-

polymerization mixture of MIP9 were pipetted onto the slides and polymerized using the 

procedure described in Section 2.3.3. It can be seen from Figure 2.9 that the peak area ratios 

of all thiophene compounds, which are relative to the internal standard (fluorene-d10), 

increased linearly when the polymerized amount of MIP increased. These results 

demonstrate that the adsorption process for thiophene compounds occur within the porous 

structure of the film and not only at the surface.  
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Figure 2.9. The relationship between the polymerized volume of MIP and the peak area 

ratios of the adsorbed thiophene compounds in the MIP thin-film obtained from the GC-

MS analysis. 
 

 

2.4.3. Optimization of the stirring speed of MIP analysis 

Optimizing the stirring speed of the sample analysis by MIP is necessary to ensure 

maximum extraction of the analytes at the equilibrium time and to obtain the stirring speed 

that gives reproducible results. Also, higher stirring speed reduces the time required to 

reach the equilibrium by enhancing the diffusion of the analyte towards the MIP film and 

produces consistent mixing for the sample. Various speeds of stirring (125, 350, and 700 

rpm) for 2 h uploading was tested using the optimized MIP film composition (MIP9, Table 

2.2). Each MIP slide was placed in a beaker containing 40 mL of DI water spiked with 

thiophene compounds at a concentration of 100 µg L-1. Figure 2.10 showed that a stirring 
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speed of 400 rpm and above gave the highest binding capacities for all thiophene 

compounds. At stirring speeds higher than 700 rpm, irreproducible results were obtained; 

this may have happened because of the film damage caused by the extreme stirring. Thus, 

the 500-rpm stirring speed was selected for all further analysis. 

 

Figure 2.10. Effect of stirring speeds on the binding capacities of thiophene compounds 

in the analysis by MIP after uploading for 2 h (n=3). Error bars represent standard 

deviation.  
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2.4.4. Adsorption kinetics of MIP thin-film 

The effect of the uploading time was investigated over a range of 1 to 24 h. 

Uploading of thiophene compounds to MIP films from 200 mL of DI water spiked with a 

mixture of spiked thiophene compounds at a concentration of 50 µg L-1 was evaluated. 

Figure 2.11 shows that the binding capacities of all thiophene compounds were increased 

rapidly within the first 8 h, and then slowly increased until the equilibriums reached at ~15 

h with no change until 24 h. The rapid adsorption behaviour in the first 8 h can be ascribed 

to preferential adsorption of thiophene compounds onto the recognition sites. As these sites 

become more occupied with the time, it become difficult for thiophene compounds to bind 

rapidly into the MIP making the adsorption rate slower. These results showed that MIP 

thin-films can be suitable for short analyses with acceptable limit of detection values where 

rapid response is necessary and extended deployment analyses, where higher sensitivity 

with lower detection limits can be achieved. For simplicity, 2 h has been selected to be the 

uploading time for all analyses studies in our work. This time gave reliable responses for 

all thiophene compounds at a range of concentrations. 
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Figure 2.11. Adsorption kinetics of MIP thin-film for thiophene compounds in water 

(n=3). Error bars represent standard deviation. 

 

 

2.4.5. Effect of sample volume on extracted amount by MIP thin-film  

The effect of the sample volume on the amount of thiophene compounds extracted 

by MIP films from the seawater samples was studied. Sample volume is an important 

parameter because it affects the quantitative results. If the MIP film is treated like the fiber 

in solid-phase micro-extraction (SPME) then, the effect of the volume on the analysis can 

be negligible only when the volume is much larger than the capacity of the film [39]. To 
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understand how the volume of sample affects the analysis of MIP film, the relation between 

the amount of the analyte adsorbed by the film and the volume of sample can be predicted 

and compared with the experimental values. The amount of analyte adsorbed by the film 

(n) can be predicted using the following equation: 

n =
C0K VfilmVs

Vs+K Vfilm
                                                                         (2.4) 

where K is the partition coefficient between the sample and the film at equilibrium, Vfilm is 

the volume of the film, and Vs is the volume of the sample. The values of partition 

coefficients of thiophene compounds were calculated from the results obtained from the 

adsorption kinetics study (Figure 2.11) using the following equation: 

K=
Cfilm

Cs

= 
( n  Vfilm)⁄

C0- ( n  Vs)⁄
                                                           (2.5) 

where Cfilm is the concentration of the analyte in the film and Cs is the concentration of the 

analyte in the sample, and C0 is the initial concentration of the analyte in the sample. The 

volume of the MIP film (Vfilm) was calculated using the volume of box formula as follows: 

Vfilm = L × W × H                                                                       (2.6) 

where L is the length of the box in mm, W is the width of the box in mm, and H is the 

height of the box in mm. Based on the dimensions (18 x 18 mm2) and the measured 

thickness (~13.5 µm) of the MIP film, the volume of MIP film was found to be 4.37 mm3. 

A series of uploading experiments using MIP films for a range of volumes between 

10 and 800 mL at a 50 µg L-1 of spiked seawater sample with thiophene compounds were 
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carried out. From the predicted effect (Figure 2.12 a), it can be observed that, the adsorbed 

amounts (n) of thiophene compounds increased sharply up to 200 mL, and then increased 

slightly up to 800 mL. Despite of the fact that our experiments are far from equilibrium, 

and despite of the effect of sample volume on the adsorption kinetics, the general behaviour 

in Figure 2.12 b appears to be similar to the one predicted from Figure 2.12 a. The amounts 

of thiophene compounds adsorbed by MIP films increased with the increasing of the sample 

volumes in the range studied, but unexpected results were obtained at a range of 50-200 

mL where the adsorbed amount of thiophene compounds into the film mostly remain 

constant.  
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Figure 2.12. a) Predicted effect of the seawater sample volume in the amount of analyte 

adsorbed (Initial concentration, C0, 50 µg L-1). b) Experimental effect of the seawater 

sample volume in the amount of analyte adsorbed (initial concentration, C0, 50 µg L-1). 

Error bars represent standard deviation (n = 3). 
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In Figure 2.12 b), at lower volumes below 50 mL, a sharp increase in the adsorbed 

amounts of thiophene compounds into the film was observed. A slight decrease in the 

adsorbed amounts was noticed from 50 mL to 100 mL followed by a little increase up to 

200 mL.  After 200 mL, a rapid increase was observed up to 400 mL, and then slightly 

increased up to 800 mL. The results obtained for the range from 50-200 mL can be 

attributed to the decrease in the analytes diffusion into the binding sites of the film which 

occurred because of the increase in the sample volume. The influence of the sample volume 

was reduced after 200 mL due to the increasing of the amount of the analytes in the sample, 

which appeared as a rapid increase in the amount adsorbed up to 400 mL and then slightly 

increased up to 800 mL where the equilibrium was approached. These results revealed that 

the MIP films are suitable as an adsorbent at low and high sample volumes. 

 

2.4.6. Adsorption isotherms for thiophene compounds in seawater  

 Several binding isotherm models can be used to evaluate the binding equilibrium 

behaviour of MIPs (Table 1.3, Chapter 1). Since the binding properties of the MIP was 

found to be negatively affected by heterogeneity [38], the best model to study these 

properties and measure the heterogeneity of  MIP and NIP is the Freundlich isotherm model 

[38,40]. The Freundlich isotherm model was applied to both, and the curves were obtained 

by plotting Equation (2.3) in Section 2.3.6.  

As shown in Figure 2.13, the MIP film exhibited higher adsorption capacities 

towards thiophene compounds than the NIP. The calculated fitting parameters for each 
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thiophene compound including heterogeneity index, m, and the Freundlich fitting 

parameter, a, which is related to the average binding affinity, K0 (K0 = a1/m) are listed in 

Table 2.5. The heterogeneity index, m, describes the degree of adsorbent heterogeneity. Its 

values range between 0 and 1, and when m becomes closer to 1, the heterogeneity of 

material decreases and homogeneity increases. Heterogeneity usually limits the binding 

affinity and selectivity of the MIPs especially for non-covalent MIPs. These MIPs usually 

contain binding sites of varying affinity and selectivity because of non-stoichiometric or 

non-covalent imprinting mechanism [41]. 
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Figure 2.13. Adsorption isotherm of MIP and NIP for thiophene compounds fitted to Freundlich isotherm (equilibration time 

15 h).
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As shown in Table 2.5, the values of m and a demonstrated more binding sites 

homogeneity and binding affinity for the MIP compared to the NIP. However, MIP and 

NIP thin-films showed well-fitting to Freundlich isotherm parameters (R2, Table 2.5) with 

more fitting in the case of MIP thin-films. 

 

Table 2.5. Freundlich fitting parameters to the adsorption isotherm for MIP and NIP. 

Fitting 

parameter 
m 

a 

(µg g-1) 

 

K0 

(µg g-1) 
R2 

Analyte MIP NIP MIP NIP MIP NIP MIP NIP 

BT 0.976 0.893 26.903 5.675 29.222 6.985 0.9918 0.9863 

3-MBT 0.974 0.795 12.274 5.665 13.135 8.862 0.9990 0.9810 

DBT 0.969 0.797 25.698 8.087 28.511 13.791 0.9963 0.9913 

4,6-DMDBT 0.765 0.696 8.039 4.152 15.277 7.726 0.9645 0.9618 

 

 

 

2.4.7. Analysis of real samples 

To evaluate the ability of the new MIP films for the extraction of thiophene 

compounds from real samples, seawater samples were collected and spiked with thiophene 

compounds at concentrations in the range of 0.5-40.0 µg L-1. Analysis was carried out using 

thiophenes-MIPs without pre-treatment. A very good linearity (R2) for each thiophene 

compound was obtained from the calibration curves (Figure 2.14). The limit of detection 



99 
 

values in seawater sample were 0.029, 0.040, 0.068, 0.166 µg L-1 for BT, 3-MBT, DBT, 

and 4,6-DMDBT respectively. This method is reproducible with low relative standard 

deviations (RSDS ≤ 6.0 %).  
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Figure 2.14. Calibration curves for thiophene compounds at various spiked concentrations in seawater samples. IS: Fluorene-d10 

(RSDS ≤ 6.0%, n = 3). 
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2.4.8. Selectivity of MIP thin-film 

The possible interactions between the non-covalent MIPs and the analytes in the 

sample usually occur through hydrophobic, ionic, hydrogen bonding, and electrostatic 

interactions. If the hydrophobic is the dominant interaction type in our MIP and depending 

on the values of log Kow of targeted thiophenes (Table 1.1, Chapter 1) then, the heavier 

thiophene compound will interact more. Among our analytes, the 4,6-DMDBT has the 

highest log Kow value, so this analyte is expected to have the highest binding capacity 

among others. To verify that, the selectivity of MIP thin films was evaluated using p-cresol 

and indole compounds as interferents. The p-cresol represents polar aromatic compounds 

while the indole represents analogous compounds of thiophene compounds. A seawater 

sample was spiked with thiophene compounds and interferents at the same concentration 

(100 µg L-1), and then analyzed by MIP GC-MS. The Figure 2.15 shows that the MIP film 

exhibited higher selectivity toward all thiophene compounds compared to other interferents 

except for 4,6-DMDBT, which showed equivalent adsorption selectivity compared to the 

indole. This may be attributed to the steric effect of the two methyl groups in 4,6-DMDBT 

(Figure 2.2), which restricts the access of this analyte to the cavities inside the MIP.  
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Figure 2.15. Selectivity of MIP thin-film for thiophene compounds versus p-cresol and 

indole (n=3). Error bars represent standard deviation. 

 

From the previous results, it can be concluded that the interaction between our MIP 

and thiophene compounds is not only based on hydrophobic interaction since the highest 

binding capacity was observed for BT which has the lowest value of log Kow compared to 

others. A typical full scan GC-MS chromatogram was shown in Figure 2.16; this 

chromatogram was obtained from the analysis of a spiked seawater sample (thiophene 

compounds and interferents are at the same concentration) by MIP GC-MS without pre-

treatment. The chromatogram showed higher responses for thiophene compounds 

compared to the interferents and revealed that the MIP thin-film successfully extracted 

thiophene compounds selectively from the seawater sample. 
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Figure 2.16. GC-MS full-scan of 40 mL seawater sample spiked with thiophene 

compounds and interferents at the same concentrations (100 µg L-1). IS: Fluorene-d10. 
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2.5. Conclusions 

In this research, novel MIP thin-film on a glass slide was prepared as an adsorbent 

for the selective extraction of thiophene compounds in water. No sample preparation or 

pre-treatment was needed. The MIP thin-films displayed good binding behaviour, high 

selectivity, reproducibility, linearity, and low LOD values for thiophene compounds. The 

small size of MIP slides and the ease of preparation make them efficient for off-site and 

on-site environmental analysis, when combined with a suitable detection system. The 

preparation of thin-films in this work could be promising for the creation of reproducible 

thin-films for sensors and other applications. 
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Chapter 3: Selective determination of semi-volatile thiophene compounds 

in water by molecularly imprinted polymer thin-film headspace gas 

chromatography sulfur chemiluminescence detector (MIP HS-GC-SCD) 
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3.1. Abstract 

A novel method was developed by the coupling of MIP thin-film with HS-GC-SCD 

for selective determination of trace concentrations of thiophene compounds in water. 

Thiophene compounds are persistent organic pollutants of concern due to their 

mutagenicity, carcinogenicity, and acute toxicity in humans and the environment, and thus 

identifying and detecting them in water is a priority. The MIP thin-film was prepared on a 

glass substrate using a simple in-situ photo-polymerization method. Conditions for 

headspace (HS) analysis such as HS oven temperature and equilibration time were 

optimized. The highest peak area responses for thiophene compounds analysis were 

achieved at 260 °C headspace temperature with 10 min equilibration time. Acceptable 

reproducibility was obtained for selective analysis of thiophene compounds from the spiked 

seawater samples at RSDS ≤ 7.0% (n = 3). Calibration curves of spiked seawater were linear 

over a range of 5-100 µg L-1 and limit of detection (LOD) values were in the range of 0.193-

0.513 µg L-1. Low matrix effect was observed in the analysis of thiophene compounds in 

seawater samples.  
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3.2. Introduction 

Thiophene compounds are PASHs present in oil and petroleum products in various 

concentrations depending on the source [1]. These compounds are usually classified with 

polycyclic aromatic hydrocarbons (PAHs) [2–4]. Removal of these compounds from 

petroleum is very difficult due to the resistivity of sulfur atom in thiophene compounds to 

alkylation or oxidation [5]. Thiophene compounds like dibenzothiophene and its alkylated 

derivatives are known for their persistence (e.g. mutagenicity, carcinogenicity, and acute 

toxicity) in marine environments [6–9]. They can be used as an organic marker for oil 

pollution [10,11], which can come in contact with marine water through oil spills or 

industrial activities. Few analysis methods are reported for thiophene compounds in the 

literature and most of these methods are for thiophene compounds analyzed with PAHs 

[12–14]. Those methods usually involve the use of non-selective solid-phase extraction 

(SPE) for pre-concentrations and usually require significant volumes of organic solvents. 

However, matrix complexity, low analyte concentrations and low selectivity of 

conventional SPE methods can limit the efficiency of separation and detection of targeted 

analytes. To overcome these problems, selective sorbent materials such as MIPs can be 

used for their analysis. 

MIPs are synthetic polymers that contain artificial recognition sites formed by 

polymerization in the presence of a template molecule. MIPs provide a simple molecular 

recognition mechanism, high mechanical and thermal stability, and can be prepared easily 

at low cost. Common methods used to prepare MIPs include: bulk, suspension, 

precipitation and in-situ polymerizations. In this research, MIP thin-films were prepared on 
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glass substrates by in-situ polymerization. 2-Thiophenecarboxaldehyde was used as a 

pseudo-template in imprinting to solve the problem of positive bias associated with 

template-bleeding [15–17], which can be problematic when working at low analyte 

concentrations (µg L-1). These thin-films were used as selective adsorbents for thiophene 

compounds in water and then coupled with HS-GC- SCD. The use of SCD enhances the 

selectivity of the method due to its unique sensitivity to sulfur compounds. 

Preparation of MIPs as thin-films on a small glass slides makes their coupling and 

with by HS technique more applicable. The MIP slide is used to extract the analytes from 

water sample first, then the slide can be removed, dried, and inserted into the HS vial then 

analyzed. Headspace analysis is a powerful technique used to analyze trace levels of 

volatile and semi-volatile compounds in liquid or solid samples. When headspace is 

coupled with GC, only volatile compounds in the gas phase will be injected into the column; 

non-volatile components which could contaminate GC column are excluded. Moreover, 

this method is considered fast because the extraction step of analytes from MIP film using 

solvent after the uploading process in the conventional GC-MS method (see Chapter 2) is 

not necessary. This avoids much of the tedious sample handling and potential for sample 

losses associated with extraction and preconcentration prior to the GC analysis. 

In our work, MIP thin-films were prepared on glass slides then used as a selective 

adsorbent for thiophene compounds in water. After the extraction accomplished, the MIP 

slides were transferred to HS vials. The vials were then sealed and subjected to the HS-GC-

SCD analysis; partition of semi-volatile thiophene compounds between sample phase (thin-

film) and gas phase (headspace) occurred. The HS parameters were optimized to maximize 
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the rate and extent of analyte desorption from the MIP into the HS; this was assessed by 

peak area responses. A small amount of pure acetonitrile was added to each HS vial prior 

to analysis to enhance the desorption process of thiophene compounds from thin-film to 

the gas phase (headspace) and to solve a reproducibility issue that hampered initial efforts. 

 

3.3. Materials and methods 

3.3.1. Materials 

Benzothiophene (≥95%), 3-methylbenzothiophene (96%), dibenzothiophene (≥ 

99%), 4-methyldibenzothiophene (96%), 4,6-dimethyldibenzothiophene (97%), 2-

thiophenecarboxaldehyde (98%), 1-vinyl-imidazol (≥99%), bisphenol A dimethacrylate 

(˃98%), 2.2-dimethoxy-2-phenylacetophenone (99%), polyethylene glycol (average MW 

20,000), 3-(trimethoxysilyl)propyl methacrylate (98%) were all purchased from Sigma 

Aldrich, Canada. Methanol, acetonitrile, toluene and hydrochloric acid (37% w/w) were 

ACS reagent grade and purchased from ACP chemicals. Glass slides (25 × 75 mm2) and 

quartz cover glasses (18 × 18 mm2) were purchased from Fisher Scientific, Canada. 

Deionized water (18 MΩ.cm) was produced by Barnstead Nanopure Diamond (18 MΩ) 

water purification system (Barnstead Nanopure Water Systems, Lake Balboa, CA, USA). 

20-mL Agilent glass headspace vials, polytetrafluoroethylene (PTFE) lined septa with 

aluminium caps and ergonomic manual crimper were all purchased from Agilent 

Technologies, Canada. 

 



116 
 

3.3.2. Pre-treatment and derivatization of glass slides 

The glass slides were cleaned first and then functionalized before coating with MIP 

films. The cut pieces of glass slides (25 x 22 mm2) were soaked in a solution of 

methanol/hydrochloric acid (1:1) for 30 min, and then rinsed with DI water, and dried at 

room temperature. The cleaned slides were placed in a silanization solution of 2% (v/v) of 

3-(trimethoxysilyl) propyl methacrylate in toluene and left overnight. The derivatized 

slides were washed with methanol then dried under nitrogen. The prepared slides were 

stored in a dark place; these could be used for several weeks without reduction in 

performance.  

 

3.3.3. Preparation of MIP thin-film on a glass slide 

Preparation of the MIP thin-films was carried out via photo-radical polymerization 

of a thin layer of liquid pre-polymerization solution (“sandwiching” technique) between 

the derivatized glass slide (25 x 22 mm2) and the quartz cover glass slide (18 x 18 mm2) 

(Figure 2.1 in Chapter 2). The polymer components, 25.6 µL (0.27 mmol) of 2-

thiophenecarboxaldehyde, 99.4 µL (1.10 mmol) of 1-vinylimidazole, 800 mg (2.20 mmol), 

of bisphenol A dimethacrylate, 12.1 mg (0.05 mmol) of 2.2-dimethoxy-2-phenylacetophenone, 

300 mg (25% w/w) of polyethylene glycol and 930 µL of acetonitrile were all pipetted or 

weighed into a 4-mL glass vial. The vial was vortexed until a clear solution was obtained, 

then the mixture was degassed in a sonicator for 5 min to remove dissolved air.  
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 An 8-µL portion of this pre-polymerization complex was pipetted onto the surface 

of a derivatized glass slide and covered immediately by a quartz cover slide. The pipetted 

amount was left to spread evenly on the surface of the slide for a few seconds, then the 

glass slide was exposed to a UV-light (λ=254 nm, 6W) for 45 min. The cover slide was 

removed immediately after irradiation using a sharp blade. The glass slide with the coated 

MIP film was placed in a petri dish containing methanol and washed for 3 h to extract the 

template and unreacted components. This washing step was repeated for another 1 h with 

fresh methanol solvent. 

The MIP slide was rinsed with methanol and DI water, and then dried at room 

temperature. The MIP slides can be stored and used for several weeks without observation 

of any changes in their analytical performance. 

 

3.3.4. Instrumentations and conditions 

Analysis and optimization experiments were performed using an Agilent 7697A 

headspace (HS) sampler with Agilent 7890A GC coupled to Agilent 355 SCD. The HS 

sampler was connected to the GC injector via the transfer line heated at 270 °C. 20-mL HS 

sample vials were used for analysis. Each vial with its content was moved to HS oven by 

auto-sampler, heated to 250 °C and then pressurized with N2 gas to 15 psi by filling flow at 

50 mL min-1, and held for a 10-min equilibration time then injected into the GC inlet for 

0.5 min injection time. A DB-sulfur SCD column (40 m x 0.32 mm, 0.75µm) was used for 
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separation. Nitrogen (purity >99.999%) is used as the carrier gas and vial pressurization 

gas. The flow rate of the carrier gas was 2 mL min-1.  

The initial GC oven temperature was held at 50 °C for 1 min, increased to 100 °C at 

25 °C min-1, and then increased to 170 °C at 15 °C min-1, and finally increased to 260 °C at 

15 °C min-1 and held at this temperature for 2 min. The total run time of the GC analysis 

was 25 min. The injector temperature was set at 275 °C and the injection was performed at 

split ratio 1:1. The GC cycle was 40 min and the vial was shaken while in the oven at 71 

shakes per min. The SCD Dual Plasma controller temperature was held at 800 °C. The 

flame reagent gases were air, 65 sccm; hydrogen, 45 sccm; and ozone, generated from 

ozone generator at 350 Torr. Analytes were identified by comparing their retention times 

with their corresponding pure reference compounds.  

 

3.3.5. Analysis of water and seawater samples by MIP HS-GC-SCD 

Seawater samples were collected from St. John’s Harbour (NL) in 4-L pre-cleaned 

amber glass bottles. No preservation method was used in the sampling process. The bottles 

were filled to the top to eliminate headspace, stoppered with screw caps and sealed with 

parafilm then labeled and stored in a cold place (~4 °C) until use.  

All water and seawater samples were analyzed using MIP slides without pre-

treatment. Each MIP slide was placed in a beaker containing a known volume (mL) of 

spiked sample at a known concentration (µg L-1) of thiophene compounds with stirring (500 

rpm) for a specific period. Later, this slide was removed from the beaker and rinsed with 
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DI water for 1s and then dried at room temperature for 5 min. After drying the slide was 

cut with a diamond pen to two halves and inserted into a 20-mL HS vial, then 5 µL of pure 

acetonitrile was pipetted inside. The slides cutting step can be avoided by fabricating the 

MIP slides in suitable dimensions which can be fit easily into the HS vial. The 

polytetrafluoroethylene (PTFE) lined septa with an aluminium cap was used to seal the vial 

and then the vial was placed on the HS auto-sampler tray for analysis. The peak area 

obtained from GC for each thiophene compound was directly proportional to its 

concentration in the water sample prior to analysis. The limit of detection (LOD) for each 

analyte was calculated as the concentration which is equal to 3 standard deviations of the 

lowest detectable concentration over the slope of the calibration curve. All MIP thin-films 

analyses were conducted in triplicate. 

 

3.4. Results and discussion 

3.4.1. Preparation of the MIP thin-films 

Optimization and characterization of MIP thin-films were carried out in Chapter 2. 

In the preparation, 2-thiophenecarboxaldehyde was used as a pseudo-template instead of 

target analyte templates (Figure 3.1) to avoid the problem of template bleeding, which can 

significantly elevate the background analyte signal and restricts the application of MIP for 

trace analysis [15–17].  
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Figure 3.1. Chemical structure of targeted thiophene compounds and pseudo-template. 

 

The peak obtained from the pseudo-template bleeding during the HS analysis can 

be seen in the chromatogram obtained from the analysis of seawater sample by MIP HS-

GC-SCD (Figure 3.2). It is fortunate that this peak does not interfere the analysis of 

thiophene compounds. The thin-film itself does not contain any sulfur atoms in its structure 

except the unwashed trace amount of pseudo-template, so decomposition of film at a higher 

HS oven temperature did not produce any peaks which overlap with the peaks of thiophene 

compounds. 
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Figure 3.2. MIP thin-film HS-GC-SCD chromatogram of 50 mL seawater sample of 

thiophene compounds spiked at 50 µg L-1. 

 

 

3.4.2. Optimization of HS oven temperature 

The effect of the HS oven temperature on the peak area responses of the desorbed 

thiophene compounds in the MIP HS-GC-SCD analysis was studied over the range from 

220 °C to 280 °C at 10 min equilibration time (Figure 3.3). HS oven temperature is an 

important parameter because it will affect the partition between the MIP thin-film and the 

gas phase (headspace) inside the vial. In this experiment, each thin-film was placed in a 

100 mL of a standard aqueous solution spiked with a mixture of thiophene compounds at a 

concentration of 100 µg L-1. Each slide was left to upload for 2 h, and then removed, dried 

and analyzed by the HS-GC-SCD.  
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Figure 3.3. Effect of the HS temperature on the analysis of thiophenes-MIP thin-film. 

 

As seen in Figure 3.3, the peak area responses of all thiophene compounds were 

increased from 220 °C to 260 °C, and then dropped abruptly at 280 °C. This may be due to 

the oxidation and decomposition of analytes at an elevated temperatures inside the vial or 

in the transfer line [18]. Decomposition of the film is also more likely to occur at higher 

HS temperatures [19] and the volatile products produced from this decomposition could be 

introduced into the GC column leading to a more complicated chromatogram with many 

unresolved peaks. This could make the detection of thiophene compounds a difficult task. 

In our work, this is not an issue since the SCD is selective to sulfur compounds and the 

MIP itself does not contain any sulfur compounds which can produce peaks in the 

chromatogram during HS analysis. Although the highest responses for thiophene 
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compounds were observed at a temperature of 260 °C, the temperature of 250 °C was 

selected as the optimum HS oven temperature in all experiments to avoid the risk of 

decomposition that may occur at this temperature at 260 °C. 

 

3.4.3. Optimization of HS equilibration time 

The effect of HS equilibration time on the peak area responses was investigated for 

different equilibration times at HS oven temperature of 250 °C (Figure 3.4). Equilibration 

time is critical when volatile molecules must undergo transfer between the solid-phase and 

headspace phase. The equilibration times of solid samples is usually longer than liquid 

samples [18] due to the slower diffusion of volatile components in the case of solid samples 

especially when the mass of solid samples is high and the porosity is low. In the case of our 

MIP thin-film, which analyzed as a solid sample, the mass is very low (~ 4 mg) and the 

material is porous, therefore the equilibration time is expected to be less. 

In Figure 3.4, it can be observed that at 10 min equilibration time, the maximum 

responses for all thiophene compounds were achieved. The decrease in the peak area 

responses of all thiophene compounds after 10 min may be attributed to the thermal 

decomposition of thiophene compounds at longer equilibration times. Thus, the 

equilibration time for 10 min was used as the optimal value in all HS analyses.   
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Figure 3.4. Effect of the HS equilibration time on the analysis of thiophenes-MIP thin-

film. 

 

3.4.4. Analysis of thiophene compounds in seawater 

Detection and quantitation of semi-volatile thiophene compounds BT, 3-MBT, 

DBT, 4-MBDT and 4,6-DMDBT in water by MIP HS-GC-SCD was evaluated. Seawater 

samples (100 mL each) were spiked with a mixture of thiophene compounds at 

concentration ranges of 5-100 µg L-1 and then analyzed by MIP thin-films HS-GC-SCD 

without any pre-treatment. Five calibration curves were obtained for thiophene compounds 

(Figure 3.5). At the beginning of our work, the desorption of the analytes from the solid 

MIP coating showed variation in the peak area responses of the analytes resulting in a loss 

of the peak area precision. To solve this issue, 5 µL of acetonitrile was pipetted into the HS 

vial after the MIP slide was placed to aid in the desorption process of thiophene compounds 
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from thin-film, and thus improve the reproducibility of the results during the analysis. The 

use of internal standard in the analysis was not necessary since the method showed 

reproducible results. 

 

 
Figure 3.5. Calibration curves of the analysis of thiophene compounds by MIP HS-GC-

SCD in seawater samples at a range of 5-100 µg L-1. (RSDS ≤ 7.0%, n = 3). 
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Very good linearity (R2) was obtained for each thiophene compounds in seawater 

(Figure 3.5). The LOD values in seawater sample were 0.301, 0.206, 0.193, 0.416 and 0.513 

µg L-1 for BT, 3-MBT, DBT, 4-MDBT and 4,6-DMDBT respectively. This method showed 

a good reproducibility with low relative standard deviations (RSDS ≤ 7.0%). 

To investigate the matrix effect on the adsorption of thiophene compounds in 

seawater, a comparison between the percent recovery values of thiophene compounds in 

DI water and seawater (SW) was made. The effect is expected due to the presence of 

different organic and inorganic species in seawater, which could interfere and reduce their 

binding into the MIP. The influence of inorganic ions (Ca2+, Mg2+, and Fe2+) and organic 

matter such as humic acid (HA) on the MIP percent recovery for 16 PAHs in seawater 

samples was studied [20]. The results showed that, the presence of NaCl did not have a 

significant effect on the adsorption of PAHs, giving 98.1% recovery, while the higher effect 

was observed from the presence of inorganic ions and HA, giving 93.2% recovery. In our 

study, various volumes (10, 50, 200, 400 and 800 mL) of DI water and seawater were spiked 

with a mixture thiophene compounds at the same concentration of 50 µg L-1. After the 

samples were left to upload for 2 h, the MIP slides were analyzed by HS-GC-SCD. The 

sample volume was varied to see if the effect of matrix will change with the volume change. 

As can be seen in Table 3.1, the higher recovery values of spiked thiophene 

compounds in DI water and seawater were observed at low sample volumes. These values 

of recovery decrease as the volumes of sample increase. 
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Table 3.1. Percent recovery values of thiophene compounds at various sample volumes 

obtained from the MIP film HS-GC-SCD analysis of spiked DI water and seawater 

samples at the same concentration (50 µg L-1). 

Sample 

volume 

(mL) 

Analyte 

BT 3-MBT DBT 4-MDBT 4,6-DMDBT 

DI          SW DI          SW DI          SW DI          SW DI          SW 

10 40.2 38.8 33.6 29.9 50.5 49.1 42.2 41.5 22.9 21.5 

50 26.2 24.4 20.6 18.0 29.5 28.9 20.6 19.9 12.2 9.6 

100 12.2 11.8 10.9 9.7 12.1 11.9 10.0 9.4 5.8 4.6 

200 6.8 6.6 5.9 5.1 6.1 5.7 4.8 4.2 3.1 2.3 

400 7.2 6.9 6.3 5.6 7.4 6.8 5.3 5.0 3.3 2.4 

800 4.7 4.4 4.0 3.7 4.6 4.1 3.7 3.2 2.5 1.7 

 

The results indicated that the effect of matrices on the adsorption of thiophene 

compounds by MIP was not remarkable even at higher sample volumes, except in the case 

of 4,6-DMDBT, where the effect was more pronounced. The observed effect for 4,6-

DMDBT could be explained based on the nature of the interactions between this analyte 

and the MIP in water. The 4,6-DMDBT has two methyl substituent on the benzene rings; 

these donating groups may weaken the π-π interactions [21] with the MIP, making the 

hydrophobic interaction more dominant. Thus, the matrices present in seawater could 

compete and disrupt the hydrophobic interaction, causing decrease in the percent recovery 

of the 4,6-DMDBT, as seen from the results in Table 3.1. 
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3.5. Conclusions 

A new method for coupling of the MIP film with the HS-GC-SCD for selective 

determination of thiophene compounds in water samples was successfully achieved. No 

pre-treatment or pre-concentration steps other than using MIPs were necessary during the 

analysis. The advantages of the developed method include simplicity, rapid analysis and 

low limits of detection. Additional selectivity was achieved from using the SCD in the 

detection. The peak signal observed in the GC chromatogram, which was due to the 

bleeding of the pseudo-template from thiophenes-MIP, does not overlap with the detection 

of other analytes. The matrix effects on the adsorption of thiophene compounds by the MIP 

film in the seawater sample compared to the DI water are not significant at various sample 

volumes with more observable effect for 4,6-DMDBT. The results revealed that the 

developed method can be used for selective determination of thiophene compounds in 

environmental water sample at small and large sample volumes. 
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Chapter 4:  Indirect analysis of thiophene compounds in water: oxidation 

to sulfones followed by molecularly imprinted polymer thin-film 

desorption electrospray ionization mass spectrometry (MIP DESI-MS) 
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4.1. Abstract 

A new method was developed by coupling MIP thin-film with DESI for indirect 

analysis of thiophene compounds in water. MIP thin-films were prepared on non-porous 

glass slides using a simple drop-casting method. The resulting films were used for indirect 

quantitative analysis of thiophene compounds in water by sorbing their oxidation products 

(sulfones) then interrogating the bound sulfones with DESI-MS. Thiophene compounds as 

a class of water-born pollutants were selected for their mutagenic, carcinogenetic and acute 

toxicity. Oxidation of thiophene compounds to sulfones in water was achieved by reaction 

with H2O2/formic acid mixture. Optimization of DESI source parameters such as capillary 

voltage, spray angle and ions collection angle, tip to surface distance, tip to inlet distance, 

surface to inlet distance and the MS inlet temperature were optimized. The optimal spray 

solvent composition was found to be MeOH/H2O (95:5 v/v) containing 5 x 10-4 mol L-1 

NaCl. Among all sulfones, the protonated ion and sodium adduct signals were observed 

only for dibenzothiophene sulfone (DBTO2) with remarkable intensities in the positive ion 

mode. The signal intensity of the [DBTO2 + Na]+ adduct was used to construct a calibration 

curve for the determination of dibenzothiophene concentrations in seawater samples. The 

DESI-MS response was linear (R2 = 0.9756) over the range 0.1-100 µg L-1. The limit of 

detection for this method was 3 ng L-1 and relative standard deviations (RSDS ≤ 8.0%). 

These results showed that the developed method is ideal for indirect qualitative and 

quantitative analysis of dibenzothiophene compound in water samples. 
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4.2. Introduction 

Rapid analysis methods for aqueous organic pollutants are of value for assessment 

of ubiquitous and often problematic contamination of aquatic environments. Thiophene 

compounds (Table 1.1, Chapter 1) are the major polycyclic aromatic sulfur heterocycles 

compounds found in petroleum [1]. These compounds enter the marine environment 

through oil spills and other industrial activities. Since thiophene compounds have an 

analogous structure to polycyclic aromatic hydrocarbons (PAHs), they could have the same 

characteristics of mutagenicity, carcinogenicity and acute toxicity [2]. Most methods of 

analysis used to detect thiophene compounds in water are based on solid-phase extraction 

(SPE) coupled to gas or liquid chromatography [3,4]. However, SPE methods mainly 

involve using non-selective C4 or C18 stationary phases, consequently other species in the 

sample may be preconcentrated with analytes giving chromatograms with poorly defined 

and unresolved peaks, which make the identification and detection of targeted analytes 

more complicated. A selective material such as an molecularly imprinted polymer (MIP) 

can be used to overcome these problems.  

MIPs are synthetic polymers containing artificial recognition sites formed by the 

polymerization of a material in the presence of a template molecule [5,6]. MIPs are 

attractive due to the simplicity of the preparation and low cost. Development of MIPs 

require careful selection of its components, which usually include the monomers, cross-

linker, and initiator. Optimizing the ratio of each component to the other with simultaneous 

attention to the solvent (porogen) is crucial, since getting an MIP with a good analytical 

performance is very important. The stability of MIPs over a range of temperatures and 
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pressures and relative inertness in acidic and basic solutions [7] make MIPs ideal for 

environmental water analysis. MIPs can be prepared in different forms including beads, 

films, and nanoparticles  [8]. When MIP is prepared as thin-films on a non-porous substrate 

and coupled to the DESI-MS, it becomes a powerful technique for the analysis of many 

organic pollutants in water. For example, MIP thin-film was prepared and coupled with 

DESI-MS for the detection of 2,4-dichlorophenoxyacetic acid (2,4-D) and four analogs in 

water previously [9]. The DESI is an ambient ionization technique in which ionization is 

accomplished by directing an electrospray charged droplets beam onto the sample surface 

under ambient conditions [10]. The beam of charged ions forms a thin liquid layer on the 

surface, where extraction, dissolution and ionization of compounds occur; the continuous 

impact of the charged droplets leads to the emission of secondary charged droplets 

containing analytes, which are then drawn into the mass spectrometer through mass inlet 

(droplet pick-up mechanism). Lower limits of detection in sub-ng L-1 range were 

successfully achieved [11,12]. RSD values below 5% and accuracies of ± 7% (relative 

error) have been also reported for DESI-MS [11]. The observed ions of the DESI spectra 

in the positive ion mode usually include protonated ions, [M + H]+, sodium adducts [M + 

Na]+, ammoniated adducts [M + NH4]
+ while in the negative ion mode, deprotonated ions 

[M – H]-, and chloride adducts [M + Cl]- are observed. To compensate for the low 

detectability of thiophene compounds in the DESI analysis, thiophene compounds can be 

converted to more detectable compounds such as sulfones. This can be carried out through 

the oxidation reaction with hydrogen peroxide (H2O2) and formic acid. Oxidation of 

thiophene compounds to sulfoxides and sulfones by hydrogen peroxide and formic acid in 

a non-aqueous media such as petroleum products was reported by other researchers [13–
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15]. The purpose of these researches was to reduce the percentage of sulfur-containing 

compounds in these products by converting them to ones that can be readily removed. 

Dehkordi et al. [13] observed that increasing the temperature has a positive effect on the 

percent conversion of thiophene compounds; they found that the oxidation reaction at 30 

and 40 °C was not completed even after 3 h, while at 50 °C, the conversion was 100% in 

less than 90 min. 

In our work, MIP thin-films were prepared on glass slides and used to extract 

sulfone compounds from water. These compounds are produced from the oxidation of 

thiophene compounds in water by H2O2 and formic acid at 65 °C. After completion of 

extraction, the slides were removed, dried, and then analyzed by DESI-MS in the positive 

ion mode. 

 

4.3. Materials and methods 

4.3.1. Materials 

Benzothiophene (≥95%), 3-methylbenzothiophene (96%), dibenzothiophene 

(≥99%), 4,6-dimethyldibenzothiophene (97%), 2-thiophenecarboxaldehyde (98%), 

fluorene (98%), 1-vinylimidazol (≥99%), bisphenol A dimethacrylate (˃98%), 2,2-

dimethoxy-2-phenylacetophenone (99%), polyethylene glycol (average Mw 20,000), 3-

(trimethoxysilyl) propyl methacrylate (98%), hydrogen peroxide (30% w/w), formic acid 

(≥98%), sodium hydroxide (≥97%), and sodium chloride (≥99%) were all purchased from 

Sigma Aldrich, Canada. Methanol (Optima grade), acetonitrile (Optima grade), and water 
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(Optima LC/MS grade) were all purchased from Thermo Fisher Scientific (Ottawa, ON, 

Canada). Methanol, acetonitrile, toluene and hydrochloric acid (37% w/w) were ACS 

reagent grades and purchased from ACP chemicals. Glass slides (25 × 75) mm2, cover 

glasses (18 × 18 mm2) and 20-mL disposable scintillation vials were purchased from Fisher 

Scientific, Ottawa, ON, Canada.  Deionized water (18 MΩ.cm) was produced by Barnstead 

Nanopure Diamond (18 MΩ) water purification system (Barnstead Nanopure Water 

Systems, Lake Balboa, CA, USA). 

4.3.2. Pre-treatment and derivatization of glass slides 

The pre-treatment and derivatization of glass slides (25 x 25 mm2) were carried out 

using the procedure in Chapter 2, Section 2.3.2. The prepared glass slides were stored in a 

dark place until use.  

4.3.3. Preparation of MIP thin-films on a glass slides 

Preparation of MIP thin-films was carried out via photo-radical polymerization by 

simple drop casting between a derivatized glass slide (25 x 25 mm2) and quartz cover glass 

slide (18 x 18 mm2) using the procedure in Chapter 3, Section 3.3.3.  

4.3.4. Oxidation reaction of thiophene compounds in water  

The experimental procedure for the oxidation of thiophene compounds to sulfones 

in water was developed by modifying published procedures [13–15]. Further optimization 

for the oxidation procedure of thiophene compounds in water was required since the 

previous oxidation work was performed in petroleum products and not in aqueous medium. 

Oxidation reactions in water were studied at two different temperatures (40 and 65 °C) for 
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various periods (0, 0.5, 1, 2 and 3 h). Two sets of 20-mL vials were used, each vial contains 

10 mL of DI water spiked with a mixture thiophene compounds at a concentration of 400 

µg L-1. A 0.4-mL aliquot of H2O2 and 0.2 mL of formic acid were added to each vial. Each 

set was placed in a separate oil bath at a temperature of 40 °C and 65 °C with magnetic 

stirring. The final pH in each vial was 1.5. Two vials from each set were removed from the 

oil bath after a specific period, cooled in an ice bath, and then extracted with 

dichloromethane (3 x 3 mL); the organic phase was collected and preconcentrated under a 

stream of nitrogen to 1 mL. The extract was spiked with fluorene (internal standard) before 

final injection in the GC. A 1-µL portion of this solution was injected directly into the GC-

MS for analysis at selected ion monitoring (SIM) mode. The percent conversion of each 

thiophene compounds in this work was calculated based on the disappearance of thiophene 

compounds during the oxidation reaction. All experiments are conducted in duplicate. 

Percent conversions of thiophene compounds were calculated using their initial 

concentrations in reaction at 0 min (C0) and after t min reaction (Ct). The % conversion 

were expressed as, 

% Conversion  = 
(C0-Ct)

C0

 X 100                                                             (4.1) 

 

4.3.5. GC-MS analysis 

Analysis of thiophene compounds before and after the oxidation reactions was 

performed using an Agilent 6890 GC equipped with an Agilent 7683 auto-sampler and 

coupled to an Agilent 5973 mass selective detector (MSD). Instrument control and data 
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analysis were performed using Agilent ChemStation software version D.01.00 Build 75. A 

fused-silica capillary column (DB-5MS, 30 m x 0.25 mm i.d.) with 0.25 µm stationary film 

thickness was used with helium (purity 99.999%) as the carrier gas, flow rate of 1.2 mL 

min-1. The initial oven temperature was held at 50 °C for 1 min, increased to 280 °C at 20 

°C min-1, and held at this temperature for 1 min. The total analysis run time was 13.5 min. 

The injector temperature was set at 280 °C, and the injection was performed in splitless 

mode. The mass spectra were recorded in SIM mode, using 70 eV in the electron impact 

ionization source. 

4.3.6. DSEI-MS conditions  

DESI-MS analyses were carried out in the positive mode using commercial DESI 

source (Omni SprayTM source, Prosolia Inc., Indianapolis, IN, USA) coupled to a triple 

quadrupole mass spectrometer (Waters XevoTM TQ-S, Milford, USA). The DESI source 

(see Figure 4.1) consists of a spray head mounted on an automated 2D stage. The spray 

solvent was introduced to the sample surface through a fused silica capillary tube (0.05 mm 

i.d., 0.15 mm o.d.) from a controlled syringe pump. The ions formed in the DESI source 

were transferred through the capillary inlet to the mass spectrometer. Parameters including 

capillary voltage, solvent flow rate, nitrogen gas pressure, spray angle, ions collection 

angle, tip to surface distance, tip to inlet distance, surface to inlet distance and the MS inlet 

temperature were all optimized. Different spray solvents systems were examined including 

methanol, methanol/water (95:5 v/v) and methanol/water (95:5 v/v) containing 5 x 10-4 mol L-

1 sodium chloride. The optimization experiments for DESI-MS were performed using MIP 
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slides uploaded for 10 min in solutions obtained from the oxidation of 10 mL samples 

spiked with a mixture of thiophene compounds at a concentration of 10 µg L-1. 

 

Figure 4.1. DESI source with MIP slide. 

 

 

4.3.7. Analysis of water and seawater samples by MIP DESI-MS 

Seawater samples were collected from St. John’s Harbour (NL) in 4-L pre-cleaned 

amber glass bottles. No preservation method was used in the sampling process. The bottles 

were filled to the top to eliminate headspace, stoppered with screw caps and sealed with 

Parafilm then labeled and stored in a cold place until use.  
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Oxidation of thiophene compounds to sulfones (Figure 4.2) was carried out prior to 

analysis with MIP slides. 50 mL beakers containing 10 mL of seawater sample spiked with 

a mixture thiophene compounds at various concentrations 0.0, 0.1, 0.5, 1.0, 5.0 and 10.0 

µg L-1 with 0.4 mL of hydrogen peroxide and formic acid were placed in an oil bath with 

magnetic stirring at 65 °C. After 2 h, the beakers were removed and cooled to room 

temperature in an ice bath. The pH of each solution mixture was adjusted to 6.0 with a 

sodium hydroxide solution (40% w/v).  MIP slide was placed in each beaker for uploading 

with stirring for 10 min. The slides were removed, rinsed with DI water and dried at room 

temperature. Finally, each slide was mounted on the sample stage of DESI source and 

analyzed, starting with slides exposed to the lowest concentrations. The MIP slides 

uploaded in non-spiked seawater samples which was treated with the same oxidation 

procedure were used as blank slides. DESI mass spectra were taken by scanning five 

different spots randomly on the surface of MIP thin-film and averaging the results for all 

spots. Typically, the area of each spot was approximately 1 mm2 and the sampling time for 

each spot was 15 s. The lowest concentration of the analyte that gave a signal of intensity 

three times higher than of the blank was considered as the limit of detection (LOD). All 

analyses were conducted in triplicate. 
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Figure 4.2. Chemical structures of sulfone compounds produced from oxidation reactions 

of targeted thiophene compounds in water. 

 

 

4.4. Results and discussion 

4.4.1. Preparation of MIP thin-films  

Optimization and characterization of MIP thin-films were carried out in Chapter 2. 

In the preparation, a pseudo-template, 2-thiophenecarboxaldehyde is used instead of the 

target analyte to avoid the issue of template bleeding which significantly elevates the 

sample background and restricts the application of MIPs for analytical applications [16–

18]. The pseudo-template used in the preparation of MIP also does not interfere with the 

signals of sulfones in DESI-MS analysis. Advantages, such as thickness, planarity of the 

surface and small dimension of the MIP films make them very suitable for DESI-MS 
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analysis. In addition, the porous structure of these films (see Chapter 2) exploits the 

extraction and desorption mechanism of DESI analysis. The low cost of preparation makes 

the reuse of MIP slides unnecessary, which may be viewed as a drawback of the fiber in 

solid-phase micro-extraction (SPME) where solvent-based washing steps are necessary 

after analysis to remove analyte carryover. 

 

4.4.2. Oxidation of thiophene compounds in water 

Direct analysis of thiophene compounds in this research by DESI-MS produce low 

or undetectable signals. This may be attributed to the low proton affinity and high ionization 

energy (Table 1.1) of these neutral compounds [19]. Indirect analysis is achieved by 

converting thiophene compounds to more detectable compounds in DESI. Acid catalyzed 

oxidation of targeted thiophene compounds by hydrogen peroxide in water is studied to 

determine the optimum oxidation reaction conditions. Maximum conversions are achieved 

by adding excess reagents to ensure that only sulfones will be formed alone and not in a 

mixture with sulfoxides. Quantitative oxidation of thiophene compounds is crucial for a 

good method of analysis. Figure 4.3 shows that the total thiophene compounds undergo 

oxidation to sulfones with approximately 99% conversion at 65 °C after 2 h, while the 

conversion at 40 °C was much slower.  
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Figure 4.3. Graph of % conversion for the oxidation of total thiophene compounds as a 

function of time at 45°C and 65°C.   

 

These results are supported by the SIM chromatograms of thiophene compounds 

before and after the oxidation by hydrogen peroxide and formic acid at 65 °C (Figure 4.4). 

The relative abundance of all thiophene compounds in Figure 4.4 decreased with increasing 

reaction time. The conversion of all thiophene compounds is achieved within 2 h; this time 

is used as the optimal time for the oxidation reactions in all experiments.  Fluorene was 

used as an internal standard to track the conversion and to calculate the percent of 

conversions of thiophene compounds. The non-polar GC column which is used in this study 

was not suitable for analysis of sulfone compounds due to the high polarity of these 
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compounds. Although the percent recovery values of the sulfone compounds from the 

oxidation reactions were not determined, the calibration curve of [DBT-O2 + Na]+, which 

is obtained from the DESI-MS analysis, showed a linear increase in the signal intensities 

with the increasing of the concentrations in water as will be seen later.  
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Figure 4.4. GC-MS (SIM) chromatograms of targeted thiophene compounds for different 

oxidation reaction time at 65 °C. IS: Fluorene. 
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4.4.3. DESI-MS analysis 

Optimization of DESI-MS parameters for sulfone compounds were carried out 

directly on the MIP slides. This was done to avoid any variation in the optimization results 

which may be obtained from the optimization of those analytes when they are deposited 

onto different substrates such as polytetrafluoroethylene (PTFE). The XevoTM triple 

quadrupole mass spectrometer ( XevoTM TQ-S) was operated in positive mode and used in 

all experiments. The identity of DBTO2 was confirmed using tandem MS (MS/MS) 

experiments. The optimized parameters for DESI-MS conditions are summarized in Table 

4.1.  

Table 4.1. Optimal parameters and conditions for the DESI-MS analysis of 

dibenzothiophene sulfone compound. 

Parameter Setting 

Electrospray voltage 3.0 kV 

Cone voltage 40 V 

Electrospray flow rate 2 µL min-1 

Nitrogen gas pressure 150 psi 

Tip to surface distance 2 mm 

Tip to inlet distance 4 mm 

Surface to MS inlet distance 1 mm 

MS inlet temperature 100 °C 

Incident angle (α) 55° 

Ions collection angle (β) 10° 

Sampling spot size ~1 mm2 

Single spot sampling time 15 s 
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Unfortunately, the protonated ion peaks of BTO2 (m/z 167) and 3-MBTO2 (m/z 

181) were not detectable or very weak. For 4,6-DMDBTO2 (m/z 245) the signal was 

detectable, but weak. Only dibenzothiophene sulfone (DBTO2) gave signals with good 

intensities in DESI-MS spectra. This may be due to the affinity of this compound to form 

a stable protonated molecule [DBTO2 + H]+ and sodium adduct [DBTO2 + Na]+ in the 

DESI-MS analysis (Figure 4.5) unlike the BTO2 and 3-MBTO2, where very weak or non-

detectable peaks signals were observed. In the case of 4,6-DMDBTO2, it is possible that 

the two methyl substituents on the aromatic rings produce a steric effect that prevents the 

Na+ ion from binding and forming of an adduct ions easily. Nevertheless, sulfones 

compounds that are not amenable to DESI can be analyzed by other techniques such as GC-

MS.  
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Figure 4.5. DESI-MS full scan of an MIP thin-film used for the extraction of the oxidation 

products of thiophene compounds in seawater sample. Protonated molecule and sodium 

adduct were detected.  

 

Geometrical parameters including the tip to surface, tip to MS inlet and surface to 

MS inlet distances were varied until the highest and stable signal intensity for [DBTO2 + 

Na]+ m/z 239 was obtained. The nebulizing gas (nitrogen) pressure which was required to 

produce a spray with proper droplet size was tested from 50 to 150 psi. The optimal 

nebulizing gas pressure which was found to give signals with satisfactory intensity was 100 

psi. The MS inlet temperature was also optimized and it was found that at 100 °C the highest 

signal intensities for protonated molecule and sodium adducts of DBTO2 are achieved. The 

signal intensities dropped at 150 °C and this possibly results from low stability of the 
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DBTO2 protonated ion and sodium adduct. The flow rate of the spray solvent was varied 

from 0.5 to 4 µL min-1 and it was observed that at high flow rates above 2 µL min-1 the 

signals intensity of the protonated DBTO2 and sodium adduct decreased, while the 

background noise increased. Stable and reproducible intensities were observed at a flow 

rate of 2 µL min-1. 

Since sodium ions can come from any source, the [DBTO2 + Na]+ adduct was 

observed in the DESI spectra even in the case of using spray solvents without adding 

sodium chloride. The [DBTO2 + Na]+ adduct was used as the quantitation ion in the analysis 

of the thiophene compound in water since quantitation using sodium adducts instead of 

protonated ions when signals with stable intensities are required especially when tandem 

mass spectrometry are used [20]. Sodium chloride was added in excess to methanol/water 

mixture to produce a stable and constant signal intensity for the [DBTO2 + Na]+ adduct 

during DSEI-MS analysis. The water was added in a small portion to the spray solvent 

mixture at a ratio of 95:5 methanol:H2O to enhance the stability of spray, where using pure 

organic solvents usually lead to spray instability due to the limited electric conductivities 

of these solvents. The amount of water was also examined and it was found that poor signal 

stability was obtained when high proportions of water in the mixture were used. The 

optimum concentration of sodium chloride was found to be 5 x 10-4 mol L-1. Although the 

sodium adduct was selected for the quantitative analysis, the identity of DBTO2 in the 

sample was confirmed by doing MS/MS scans (Figure 4.6) for the protonated ion and not 

the sodium adduct where it is usually difficult to interpret the sodium adduct fragmentation 

pattern in the ESI-MS/MS and leads to limited information [21,22]. Product ions of the 
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fragmentation of the protonated DBTO2 are m/z 169, 153, which were due to the loss of 

SO and SO2 respectively (Figure 4.6). 

 

 
 

Figure 4.6. DESI-MS/MS confirmation scan of dibenzothiophene sulfone (DBTO2) in 

MIP thin-film. Collision energy is 15 eV. 

 

 

4.4.4. Analysis of seawater  

DESI-MS analysis of MIP thin-films was carried out using [DBTO2 + Na]+ ion 

instead of protonated ion due to its high intensity in mass spectra. The measured signal 

intensity of DBTO2 extracted by MIP thin-films was related to the concentrations of spiked 

DBT in the seawater samples. It was observed that the adsorption of DBTO2 from samples 



152 
 

by MIP at the pH of 1.5 was very low, so the pH was adjusted to 6.0 prior to the analysis 

with MIP. The calibration curve obtained from DESI-MS scans of MIP slides which used 

to extract the oxidation product of DBT at various concentrations (0.1-10 µg L-1) showed 

a linear relationship (R2 =0.9756) between the signal responses of [DBTO2 + Na]+ (m/z 

239) and the concentrations in seawater sample (Figure 4.7). The inset calibration curve 

also showed a good linearity (R2 = 0.961) at very low concentrations (0.1-1.0 µg L-1).   

 

 

Figure 4.7. Calibration curves of the oxidized form of DBT at various spiked 

concentrations in seawater samples. 

 

The LOD was very low for DBT in seawater at 3 ng L-1. A relatively small volume 

of seawater samples was required for each analysis (10 mL) and the time of uploading was 
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very short (10 min). This method showed good reproducibility with acceptable relative 

standard deviations (RSDS ≤ 8.0%).  

 

4.5. Conclusions 

Analysis of DBT in water samples by the oxidation to DBTO2 with H2O2/formic 

acid followed by MIP-DESI-MS analysis was demonstrated. Among all sulfones, only 

DBTO2 produce signals with high intensity in the DESI spectra. Protonated ions and 

sodium adducts were observed. Quantitative analysis of DBT was carried out using 

[DBTO2 + Na]+ adduct. Stability and reproducibility of the sodium adduct signal was 

achieved by adding a small amount of sodium chloride to the spray solvent mixture 

(MeOH/H2O). Tandem MS (MS/MS) scan was used to confirm the identity of DBTO2. 

Advantages of coupling MIP thin-films with DESI-MS include simplicity, rapid analysis, 

low LOD value (sub-ng L-1) and acceptable RSDS (≤ 8.0%). Small volumes of seawater 

sample were required and analysis of samples were carried out without pre-treatment. The 

obtained figures of merit make this method ideal for the analysis of DBT as well as DBTO2 

in environmental water samples.    
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Chapter 5: Conclusions and future work 
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The low cost, good selectivity and stability of MIPs make them ideal for chemical 

analysis. Several detection systems can be coupled with the MIPs for online and offline 

analysis. The type of coupling depends on the MIP format. Preparation of MIP in thin-film 

format makes their coupling with various detection systems easier. HS-SCD and DESI-MS 

are good examples of these detection systems as seen in this work. However, to obtain MIP 

with high analytical performance, the MIP components must be optimized. This is 

performed through the appropriate selection of MIP ingredients and by varying their 

amounts relative to each other in a systematic manner. 

In this work, the MIP thin-films are prepared on glass slides and coupled with the 

GC-MS, HS-GC-SCD and DESI-MS. Extraction of the analytes (thiophene compounds) 

from the film by a solvent was necessary in the case of GC-MS analysis, while in the case 

of HS and DESI this step was not required where a direct desorption from the film was 

achieved directly. 

In Chapter 2, the preparation of the MIP as a thin-film on a derivatized glass slide 

as a selective sorbent for thiophene compounds from a water sample is described in detail. 

The highest adsorption and imprinting factors for thiophene compounds was achieved by 

using the MIP film which was prepared using 1-vinylimidazole as a monomer and 

bisphenol A dimethacrylate as a cross-linker. The best ratio for the 

template:monomer:cross-linker was 1:4:8. An interpenetrating polymers networks (IPN) 

principle was adapted by adding the linear polymer-polyethylene glycol (PEG, MW 

20,000) to the pre-polymerization mixture prior to the fabrication process. The optimal 

PEG percentage in the polymer was found to be 25 % w/w. It was found that the use of 
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PEG improves the shape and porosity of the film. This was confirmed by the study of the 

effect of mass and thickness on the adsorption of thiophene compounds by MIP in this 

work. This study revealed that the adsorption process occurred in the whole film (bulk 

adsorption) and not only at the surface as reported previously in another study [2]. The 

SEM images showed that the MIP film exhibited more porous structure with a uniform 

thickness (~ 13.5 µm) compared to the NIP; this is due to the use of the template in the 

imprinting process.   

The optimal stirring speed for the analysis of thiophene compounds by MIP film in 

water was 500 rpm. Below this speed, inconsistent binding capacity values were observed 

while above this speed no changes were noticed. The adsorption kinetic study showed that 

the adsorbed amounts of all thiophene compounds by MIP thin-film increased rapidly in 

the first 8 h then reached equilibrium at ~15 h, and finally leveled off. This makes the 

prepared film suitable for short and long-term analysis especially for environmental 

monitoring. Saturation of the MIP film was not observed at higher volumes, which makes 

it suitable for the analysis of a wide range of sample volumes.   

In the binding isotherm study, the Freundlich isotherm is used to describe the 

binding equilibrium behaviour of MIP since the MIP is considered a heterogenous material. 

The parameters including the heterogeneity index (m), fitting parameter (a) and correlation 

factor (R2), which were obtained from the Freundlich isotherm curves of thiophene 

compounds, showed that the MIP film exhibited a more homogeneous surface and more 

fitting to the model compared to the NIP. The results obtained from Freundlich model 

agreed with the results obtained from adsorption binding experiments. 



161 
 

Excellent reproducibility was achieved for the extraction of thiophene compounds 

in spiked seawater samples (RSDS ≤ 6.0%, n = 3). Calibration curves of spiked seawater 

samples were linear at a range of 0.5-100 µg L-1 and LOD values were in the range of 

0.029-0.166. The MIP thin-film showed higher selectivity toward all thiophene compounds 

compared to other interferents (p-cresol and indole), except in the case of 4,6-DMDBT, 

which showed equivalent adsorption selectivity compared to indole. The hydrophobic 

interaction is not the predominant type of interactions between the MIP and thiophene 

compounds. The results of this chapter show that the MIP thin-film can be used as a 

selective adsorbent for the extraction of thiophene compounds from water samples. 

In Chapter 3, a novel method is developed for the analysis of thiophene compounds 

by coupling thiophenes-MIP film with the headspace gas chromatography sulfur 

chemiluminescence detector (MIP HS-GC-SCD). Advantages of this coupling include 

simplicity, rapidity and high selectivity with low LOD values range (0.19 - 0.51 µg L-1). 

The targeted thiophene compounds were extracted from water samples without any sample 

pre-treatment. The template bleeding issue was resolved by using a pseudo-template 

instead of the original template. The observed peak of the pseudo-template did not overlap 

with the other peaks in the chromatogram (Figure 5.1). The optimal HS conditions (HS 

oven temperature and equilibration time) gave the highest area responses in the analysis of 

MIP films are 250 °C and 10 min respectively. The addition of a small amount of 

acetonitrile (5 µL) to each sample vial before HS analysis enhances the desorption of 

thiophene compounds from film and improve the reproducibility of the results. The matrix 

effect study showed a slight decrease in the adsorption recoveries of the thiophene 
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compounds was observed in the analysis of spiked seawater samples compared to the 

spiked DI water samples, except in the case of 4,6-DMDBT where the effect was more 

observed. 

 

 

Figure 5.1. MIP HS-GC-SCD chromatogram obtained from the analysis of 50 mL seawater 

sample spiked with a mixture of thiophene compounds at a concentration of 50 µg L-1. 

 

In Chapter 4, An MIP thin-film was coupled with desorption electrospray ionization 

mass spectrometry (DESI-MS) for indirect quantitative analysis of DBT compound in 

water. Conversion of thiophene compounds to sulfones in water was achieved by the 

oxidation with the H2O2 and formic acid. To get reproducible results for the analysis of 

thiophene compounds by the DESI-MS, the optimization of the oxidation reactions was 
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carried out. This optimization was very important to ensure a complete conversion of all 

thiophene compounds in water. The highest conversion was achieved at 65 °C after 2 h. 

The optimal spray solvent for DESI analysis was MeOH/H2O (95:5 v/v) contains 5 

x 10-4 mol L-1 NaCl. Dibenzothiophene sulfone (DBTO2) was the only analyte that produce 

remarkable intensity signals in the positive ion mode. Signal intensity of [DBTO2 + Na]+ 

adduct was used to construct a calibration curve for the determination of DBT 

concentrations in seawater sample. The DESI-MS response was linear (R2 = 0.9756) over 

the range 0.1-100 µg L-1. The limit of detection for this method was 3 ng L-1 and relative 

standard deviations (RSDS ≤ 8.0%). The results illustrated that the method is ideal for 

indirect qualitative and quantitative analysis of DBT as well as DBTO2 compound in water 

samples. 

Finally, the outcomes of this research might be open the door for more applications 

of MIP thin-films. The preparation of MIP films in this work can be applied to any analyte 

of interest and is not limited to thiophene compounds Because of the improved 

morphological properties and analytical performance of the MIP thin-films in this work, 

these films can be prepared and used in other application in the future. For example, these 

films can be prepared as recognition elements for chemical sensors [3-5].  The potential 

application of our work in the future may include the preparation of the MIP thin-film for 

thiophene compounds or other analytes on a quartz substrate of a transducer for optical 

measurements (e.g. fluorescence or IR measurements) or on a QCM and surface acoustic 

wave (SAW) sensors for mass-sensitive measurements [3]. Other applications will include 

integration of these films with surface enhanced Raman spectroscopic (SERS) detection 
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[6,7] or matrix-assisted laser desorption/ionization (MALDI) technique [8,9] for various 

environmental detections. 
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