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Abstract 
Most crude oils contain traces of vanadium and nickel complex with porphyrins (VTPP and 

NTPP} within their asphaltene fraction. Although these metals are only present in trace 

quantities, they have a significant and detrimental impact on the refining process by 

degrading the quality of intermediate and end products. Therefore, their selective removal 

is highly desirable. This thesis presents the development of nickel porphyrin, nickel vanadyl 

porphyrin imprinted nanofibers and vanadyl porphyrin imprinted polymer (MIP} particles for 

application as selective sorbents. Computational model based on the combinat ion of 

molecular dynamics simulations and quantum mechanics was successfully applied to the 

styrene functional monomer selection. The particle was prepared by bulk polymerization 

and the nanofibers by a novel approach combining molecular imprinting and electrospinning 

technology. The morphologies, thermal stabilities and porosities of the imprinted sorbents 

were studied using SEM, TGA, and BET nitrogen gas adsorption. Chloroform was found to 

swell the polymer particles to a higher degree than methanol and acetonitrile. The 

adsorption characteristics of the imprinted sorbents best fitted with Freundlich isot herm 

model. The imprinted sorbents recorded high extraction efficiencies (EEs} of > 99 % in 

selectively extracting the metalloporphyrins. The impact of the template on the affinity of 

recognition for NTPP was evaluated. The results showed that the NTPP adsorption capacity 

increased as the molar ratio of NTPP to styrene was increased from 1:1 to 3:1. The optimal 

ratio of template to functional monomer which yielded the best specific affinity and highest 

recovery {99.9 %) was 3:1. The effects of trifluoroacetic acid (TFA}, dichloromethane (DCM}, 

dimethyl sulphoxide (DMSO}, pentane (PEN} on electro-spinnability of the polymer solutions 

and the morphological appearance of the nanofibers were investigated. The imprinted 
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nanofibers exhibited the same selectivity specialism for both NTPP and VTPP. A remarkable 

stability in relation to reusability was observed when imprinted nanofibers were used, as 

they could be reused nine times without incurring any significant loss in removal efficiency. 

The results were validated by analysing a certified reference material. The imprinted 

sorbents were therefore found to be selective sorbents that are well suited for handling 

trace metals in organic media. 
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1.1 Crude Oil 

From a chemical viewpoint, crude oil is a complex mixture of hydrocarbon compounds. 

Crude oil constitutes an important part of primary fossil fuels [1-2] . A plural rather than a 

collective singular is a much more accurate designation of crude oils. Indeed crude oils 

encompass substances of considerable heterogeneity that vary widely in their appearance, 

composition, viscosity, flammability, quality, as well as economic value. 

Crude oils originate from the decomposition of organic material that undergoes 

sedimentation and is subsequently degraded under the influence of heat, pressure, bacteria 

and catalysts during millions of years. The composition of the mixture depends on its 

location. Two adjacent wells may produce quite different crudes and even within a well the 

composition may vary significantly with depth [3]. 

1.1.1 Crude oil composition 

The appearance of crude oils ranges from light, gasoline-like, highly mobile liquids to heavier 

reddish-brown fluids to highly viscous, tarry black materials. Crude oils are not individual 

chemical compounds (hence it is impossible to define them by a singular chemical 

structure)- they are a complex mixture of scores of hydrocarbons and other minor 

ingredients. The elements contained in crude oil include carbon (83-87 wt.%), hydrogen (11-

15 wt.%), sulphur (0.05-7 wt.%), nitrogen (0.1-2 wt.%), oxygen (0.05-1.83 wt.%), and metals 

(0.01-0.14 wt.%) [4]. 

The saturates, aromatics, resins, and the asphaltenes (SARA) method is one example of an 

approach to separate crude oil into four major fractions or chemical classes based on the 
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difference in solubility and polarity. The four fractions are the saturates (S}, aromatics (AL 

resins (RL and asphaltenes (A). The schematic outlining the SARA method is shown in Fig 

1.1.1 [5]. 

I 

Crude Oil 
i 

I 
dilute with n-alkane 

n-a lkane 

! 
Saturates 

adsorb on silica 
elute with 

I 
toluene 

! 
Aromatics 

Figure 1.1.1: SARA separation scheme [5]. 

toluene/ methanol 
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The asphaltene content of crude oil varies from 0.1% to more than 20% depending on the 

production field. Asphaltenes contain high concentrations of heteroatoms, such as su lphur 

and nitrogen, as well as metals, such as vanadium and nickel. Due to the heavy nature of the 

asphaltenes, their characterisation is mostly done by techniques used in polymer analysis, 
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such as size exclusion chromatography [6]. In refineries equipped with a deasphalting unit, 

asphaltenes are recovered as asphalt and not upgraded to transportation fuel. 

1.1.2 Metal containing compounds 

Metals found in crude oil include copper, lead, iron, magnesium, sodium, molybdenum, zinc, 

vanadium, cadmium, nickel, titanium, manganese, chromium, cobalt, antimony, uranium, 

gold, aluminium, tin, barium, gallium and silver. The metals exist in combination with 

naphthenic acid as soaps and in the form of complex organometallic compounds such as 

metalloporphyrins (Figure 1.1.2) [7,8]. 

Vanadium and nickel are the most abundant and undesirable of the metals [8]. Depending 

on the origin of the crude oil, the concentrations of vanadium and nickel vary from a few 

mg/L to more than 1000 mg/L. However, it should be noted that metal and metalloid 

constituents could be naturally found in crude oil or they could be added during production, 

transportation or storage [9,10] . There are other metal impurities too, which can be present 

at low concentrations, like arsenic and mercury. 
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Figure 1.1.2: Porphyrine structure for chelating metal ions (M) like nickel and vanadium. 

1.1.3 Toxicities of metals in crude oils 

Metals are among the most harmful heteroatoms toxicants in crude oil. Metallic compounds 

exist in all crude oil types in trace amounts (ranging from 0.1 to 1200 mgL-1). Their 

concentration must be reduced to avoid operational challenges and to prevent metals from 

contaminating the products. The presence of metals could be deleterious to refining 

processes, as they cause poisoning to the catalysts used for hydroprocessing and cracking 

[11,12). Even minute quantities of metals in the feedstock to the catalytic cracker affect the 

activity of the catalyst and result in increased gas and coke formation and reduced gasoline 

yields [9). 

For high-temperature power generators, the presence of metallic constituents, such as 

vanadium may lead to ash deposits on the turbine rotors, reducing the efficiency of heat 
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transfer and causing severe corrosion [9] . Also, ash deposits in engines may result in 

abrasion of the moving parts, and the ash is injurious to the walls of the boilers and 

furnaces. 

Besides, when metals enter the environment through combustion products of the refined 

oil, they pose potential hazard to the health of animals and humans. Metals pose a toxicity 

concern if emitted directly to the environment from a stack- could be responsible for 

emission of mutagenic and carcinogenic compounds [13-15]. In view of metals having 

detrimental impacts on the refining processes and high toxicities to the environment, effort 

ought to be made to reduce their concentrations in crude oil to lowest possible levels or 

remove them completely. 

1.2 Methods for removing heavy metals from crude oils 

Since the most common metal contaminants are nickel and vanadium, which are generally 

present in the form of porphyrins and are concentrated in residues, many methods have 

been explored for the treatment of crude oil residues as well as for their removal. Each of 

the methods has its own advantages and limitations. 

1.2.1 Chemical treatments 

The basic chemical concept of demetallization is to selectively remove the metal from the 

organic moiety with minimal conversion of the remaining crude oil [16] . The demetallization 

of metalloporphyrin by acids is a reversible reaction and can be represented by the 

following equation: 
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PM + HX H PH + MX eqn 1 

Treatment of crude oil products with acids is, like caustic treatment, a procedure that has 

been in use for a considerable time in the crude oil industry. Various acids, such as 

hydrofluoric acid, hydrochloric acid, nitric acid, phosphoric acid, and phosphorus acid, have 

been used in addition to the more commonly used sulphuric acid [17]. 

The objective of the treatment is to remove sulphur, nitrogen, metals, and various 

hydrocarbon types so as to improve the quality of products. The method was first employed 

for refining animal and vegetable oils, and since the beginning of the crude oil industry, 

about one hundred and fifty years ago, sulphuric acid was successfully employed in various 

purification steps of crude products. A number of patents for the use of sulphuric acid were 

issued at the very beginning of the crude oil industry [18,19]. 

Kukes and Battise [20] of Phillips Petroleum also used phosphorus acid to remove nickel and 

vanadium from heavy oils. It is believed that phosphorus acid reacts with the metals 

contained in the hydrocarbons to form oil insoluble compounds that can be removed either 

by filtration, centrifugation, or decantation. 

However, the fact that sulphuric acid reacts with and promotes reactions of hydrocarbons is 

a drawback to its use as an agent for removing metals, sulphur and nitrogen from crude oil. 

Large excesses of acid are required for efficient removal, which may cause marked changes 

in the remainder of the hydrocarbon mixture and decrease the yield of fuel products. 

Generally, acids have a number of disadvantages, including extensive side reactions and 

product contamination [21]. 
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1.2.2 Electrochemical treatments 

The electrochemical treatment is an alternative route that eliminates heteroatoms from 

crude oils [22]. Electrochemical demetallization of crude oils was found to be dependent on 

some electrochemical variables such as the composition of the electrolytic medium, 

electrode material and reduction potential. 

Branthaven et a/. [23] reported 85% and 92% of vanadium removal and sulphur removal, 

respectively, for Boscan crude oil porphyrin using a graphite cathode, platinum anode, 

ethylenediamine as solvent, lithium chloride as electrolyte at 36 V and 2 A for 18 h. 

Incorporation of protonating agents was confirmed to improve the demetallization process 

[22]. 

Conversely, electrochemical removal technologies have not been widely applied because 

they involve relatively large capital investment and electricity supply [24]. 

1.2.3 Precipitation 

The precipitation of asphaltenes for metal removal is a complex phenomenon that involves 

asphaltenes and resins. It is of great importance to know under which conditions that the 

asphaltenes precipitate and to what extent precipitated asphaltenes can be redissolved 

[25]. In other words, to what extent the process of asphaltene precipitation is reversible 

with respect to the change in thermodynamic conditions. 

Anderson and Stenby [26] studied the effect of the temperature on asphaltene 

precipitation/dissolution in crude oil. They used a mixture of toluene and n-heptane and 

performed solvent reversibility runs at 24, 50, and 80 °C. The results showed that 

asphaltenes partially redissolved with an increase in the temperature. 
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Buckley et at. [27] showed that asphaltene precipitation occurs by not only adding alkanes 

as a solvent but also increasing the temperature. According to the study, the size of 

precipitated particles as a result of the increasing temperature was less than 10 IJ.m. The 

observed size was much smaller than the precipitated particles as a result of adding solvent. 

Mousavi-Dehghani et a/. [28] showed that asphaltenes precipitation in crude oil increases 

with an increase of the temperature and asphaltene precipitation is an irreversible process. 

Ashoori et a/. [29] reported that asphaltene precipitation is reversible with respect to the 

temperature and composition. 

However, asphaltene precipitation makes oil production more arduous and costly because 

of the partial plugging in the oil well, pipeline, and equipment. 

1.2.4 Solvent deasphalting 

Solvent deasphalting process (SDA) which is based on liquid-liquid extraction is one of the 

efficient approaches to reduce metal and asphaltene contents of heavy oil cuts before 

sending them to hydro-desulphurization and hydrocracking units [30]. SDA is a unique 

separation process in which residue is separated by molecular weight (density) instead of by 

boiling point. 

The SDA process produces low contaminant deasphalted oil (DAO) that is rich in paraffin 

type of molecules. Solvent deasphalting has the advantage of being a relatively low cost 

process that has the flexibility to meet a wide range of DAO qualities [31,32]. 

During the SDA process, the feed is mixed with a light paraffinic solvent (C4 - C7), where the 

oil is solubilised in the solvent. The insoluble pitch precipitates out of the mixed feedstock as 
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asphaltene in which most of the metals remain insoluble and are removed from the product 

stream. The separation of the DAO phase and the pitch phase occurs in the extractor. The 

extractor is designed to efficiently separate the two phases and minimize contaminant 

entrainment in the DAO phase [33]. 

Yamada et a/. [34] described a method of extraction by heating the oils to 177 - 238 °(, 

refluxing the oils with an organic solvent, and centrifuging the mixture. Thus, a residual oil 

containing 159 mgL-1 vanadium was heated [3° /min to 182 - 216 °C for 1 h], refluxed with 

hexane, and then centrifuged to give a hexanesoluble portion containing 0 mgl'1 V. 

However, the disadvantages of the method are that it performs no conversion, produces a 

very high-viscosity by-product pitch, and where high quality DAO is required, SDA is limited 

in the quality of feedstock that can be economically processed. 

1.2.5 Adsorption 

Adsorption is a mass transfer driven process wherein molecules in a free phase become 

bound to a surface by intermolecular forces [35]. Adsorption is the most effective and 

economic demetallization method currently used to achieve ultra clean fuels [36]. In 

addition, it allows for the regeneration and reuse of the sorbents after they have been 

desorbed. The effectiveness of the adsorption process depends on the characteristics of the 

sorbent used. The adsorption process could therefore be explored for removal of heavy 

metals in organic media. So far, to the best of our knowledge, two kinds of adsorbents, 

including silica hydrogel and manganese dioxide have been used. 

Silica hydrogel sorbents: These have been used in removing heavy metals from crude oil. A 

US patent [37] described a method for extraction of metal ions by weighing hydrogel silica in 

20 g of crude oil (a Saudi Heavy grade). The crude oil contained 58 mgL-1 vanadium, and 18 
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mgL-1 nickel. 80 g of petroleum ether was added as diluent, in order to reduce the viscosity 

of the oil. The results showed the residual vanadium to be less than 0.1 mgl"1
; and the 

residual nickel to be less than about 0.1 mgl-1. However, silica hydrogel sorbents are still 

subject to attrition and are not selective. 

Manganese dioxide sorbents: Adeyi et a/. [38] reported the extraction of impurities from 

crude oil by contacting 2 g of the adsorbent-activated manganese dioxide (Mn02) with 20 ml 

of crude oil in a 250 ml flask and stirred with a magnetic stirrer for a period of 60 min at 120 

rpm and at a temperature of 30 °C. However, its adsorption capacity was low and not 

selective or reusable and the adsorbent thus limited in its application. Therefore, developing 

sorbent materials that would address those limitations will be a better alternative. 

Imprinted sorbents: These include imprinted polymers and imprinted electropun nanofibers 

that have attracted extensive widespread attention in adsorption applications because they 

have the ability to overcome the limitations (non-selectivity, reusability, low adsorption 

capacity, attrition) of the other kinds of sorbents [39]. Other advantages of imprinted 

sorbents include high mechanical strength, durability with respect to heat and pressure, 

long shelf life, and applicability in harsh chemical media [40]. 

The imprinting process offers the flexibility of combining imprinted polymers (MIPs) with 

electrospun fibers as it enables their utilization as a sorbent in separation and accumulation 

processes associated with complex sample treatment [41]. The selective recognition 

capabilities of the imprinted polymers are enhanced when they are fabricated into 

nanofibers due to a larger surface area. These remarkable features of imprinted sorbents 

make them the preferred materials for the development of a platform for removing of 

heavy metals from fuel oil. 
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1.3 Scope of the thesis 

The studies conducted in this thesis were developed with the view to increasing knowledge 

about useful strategies that could enhance the recognition abilities in imprinted sorbent 

materials. The primary aim was to develop imprinted sorbents that have tunable 

characteristics for the selective clean-up of metalloporphyrins from organic media. The 

specific objectives were as follows: 

• To investigate for suitable functional monomer via molecular dynamic simulation 

method. The activity was focused on pre-screening of all possible interactions 

between the functional monomers and the template molecule in the 

prepolymerization complexes. 

• To develop both imprinted polymers and nanofibers, and to characterise them in 

terms of their reusability and loading capacities. 

• To characterize the imprinted sorbents in terms of their morphologies, porosities 

and thermal stabilities. 

• To investigate the parameters affecting adsorption such as the quantity of template, 

type of spinnable polymer and extraction solvent. 

• To investigate the effects of solvents and their properties on electro-spinnability of 

the polymer solutions and the morphological appearance of the nanofibers. 

• To validate the accuracy and the capacities of the sorbents by employing a residual 

fuel oil certified reference material. 
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2 
Imprinted polymers and nanofiber sorbents 
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2.1 Overview 

This chapter discusses the various methods for producing imprinted polymers and 

nanofibers. These methods include bulk, suspension, precipitation, two-step swelling and 

emulsion core-shell polymerizations, as well as template synthesis, melt blowing, self

assembly, drawing and phase separation. Molecular imprinting and electrospinning are 

considered in detail in Chapter Three. 

2.2 Methods for producing molecularly imprinted polymers (MIPs) 

To date, imprinted polymers in the form of particles are made by various polymerization 

designs, each of them developed to suit specific targets and application. Several methods 

for producing imprinted polymers have been outlined in the literature (Fig. 2.2)[42,43]. Each 

of these methods involves the control of different parameters during the synthesis with 

production of polymers with different properties and characteristics. 

2.2.1 Bulk polymerization 

Traditionally, molecular imprinting has mostly been performed by the bulk polymerization 

method. It is the most widely used owing to its simplicity and universality. Most 

investigations still rely on it for the purpose of demonstrating the imprinting effect and 

potential applications [44]. 

Typically, the reaction mixture of template, functional monomers, initiator, cross-linker, and 

solvent are added to a glass tube, the mixture is purged with nitrogen to remove oxygen, 

and polymerizing them. The result is a polymeric block that needs to be crushed and ground 

to obtain particles of irregular shape and size between 20 and SO j..lm [43] . In this method, 

the apparatus required for synthesis is relatively simple, and the reaction conditions can be 

easily controlled [42]. Despite the ease of preparation by this polymerization method, it has 
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the disadvantage that most of the polymer produced {an estimated 70%) is wasted in the 

process of grinding [43]. Furthermore, the irregular shape and size of the polymers that 

result from this polymerization method can be avoided by employing other methods. 
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Figure 2.2: Schematic representation of the synthetic steps in the different 

polymerization procedures (Adapted from: [43)). 
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2.2.2 Suspension polymerization 

Strategies for generating imprinted beads were developed to improve the characteristics of 

the bulk monolith formations. Suspension polymerization is one of the simplest and most 

common approaches for the production of imprinted beads. The technique was first 

reported by Mayes and Mosbach [45]. It is a fast and reliable methodology that synthesises 

particles by UV irradiation in less than 2 h (or as little as 10-15 min for easily-polymerising 

monomers) [45]. 

In the case of suspension polymerization, all the components involved in the polymerization 

process are dissolved in an appropriate organic solvent and this solution is further added to 

a larger volume of an immiscible solvent. Afterwards, the system is vigorously stirred in 

order to form droplets and then the polymerization reaction is induced [46] . Each droplet 

acts like a mini bulk reactor producing beads of a broad size range, 10-100 ~m size. The 

beads have improved adsorption capacities as well as high selectivity coefficients [47]. 

2.2.3 Precipitation polymerization 

Amongst the methods developed to overcome the drawbacks of bulk polymerization, 

precipitation polymerization is the most widely used for obtaining spherical particles. The 

precipitation polymerization method was first reported by Ye eta/. [48,49]. The method is 

carried out in experimental conditions that are similar to those of bulk polymerization 

mixture, with the exception that, comparatively, 2 to 10 times the amount of porogen is 

used. 
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The basic principle of this approach is that, when the polymeric chains growing in solution 

reach a certain critical mass, they precipitate from the solution. The particles thus obtained 

do not typically exceed 10 11m [SO] . 

2.2.4 Two-step swelling polymerization 

Two-step or multistep swelling polymerization is another common approach for preparing 

imprinted beads and was first reported by Hosoya et at. in 1994 [51] . In this method, 

preformed uniformly-sized seed particles are suspended in water and, after several 

additions of suitable organic solvents, the initial particles swell to a f inal size. Once the 

particles have swollen to the desired size, all the components involved in the production of 

the imprinted sorbent are added to the solution and incorporated into the particles in the 

swelling state and afterwards polymerization is induced [46]. 

The method is time consuming and sophisticated but produces monodisperse particles in 

the micro size range (2-50 11m) with good control of the size and number of the particles. 

The spherical particles obtained have separating abilities comparable with other methods, 

and the approach is more robust when imprinting any given molecule because none of the 

compounds involved in the polymerization process influences the process of obtaining 

spherical particles. 

2.2.5 Emulsion core-shell polymerization 

Emulsion core-shell polymerization is a heterogeneous type polymerization since it requires 

two non-miscible phases, one of them being the continuous phase and the other the 

dispersed phase. In this technique, droplets of monomers are emulsified with surfactants in 

a continuous phase containing the initiator. 
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The process has been used by Ashraf eta/. to prepare hydrophobic imprinted resins using 

methylmethacrylate and phenyl methacrylate as monomers, a mercury{ll)dithizonate 

complex and a non-ionic alkyl-oligo{ethylene glycol) surfactant [52]. Particles obtained by 

this method are monodisperse and can be produced in a colloidal size range of 0.05-2 11m. 

They can also be used for surface imprinting. However, the implementation of emulsion 

core-shell polymerization remains unusual probably because of the difficulty experienced in 

separation of the particles and possible contamination by the surfactant. 

2.3 Methods for producing nanofibers 

Nanofibers belong to the area of nanomaterials, and their production centers around 

organic polymers and inorganic materials. Synthetic methods for obtaining nanofibers are 

numerous and have been reviewed by various authors recently [53,54]. They can be 

categorized into 5 major groups including- template synthesis, phase separation, drawing, 

self-assembly, and electrospinning. 

2.3.1 Template synthesis 

Template synthesis is probably one of the most versatile methods for the synthesis of 

nanofibers. In template synthesis, the polymer solution is extruded through a metal oxide 

membrane having pore diameters in the nano range [55,56]. Upon coming into contact with 

a solidifying solution, the extruded solution forms nanofibers whose diameters are 

determined by the pores in the template [57]. 

Fibers of specified diameter can easily be made using an appropriate template. Park et a/ 

[58] used a set-up similar to the one illustrated in Fig 2.3.1 to synthesize polypyrrole {PPY) 
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nanofibers. Nanofibers having diameters ranging from 50 to 200 nm were obtained from 

PPY solution using dichloromethane (DCM) as the solvent. 

A general feat ure of the conventional template method is that the membrane should be 

soluble so that it can be removed after synthesis in order to obtain single nanofibers. The 

insolubility of the membrane restricts the practical applicat ion of the method and gives rise 

to a need for other methods. 

Pressurized water 

Polymer solution 

Extruded fiber 

Solidification solution 

Figure 2.3.1: A Schematic setup for producing fibers through template synthesis. 
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2.3.2 Melt blowing 

Melt blowing is another method for making non-woven webs that has proven to be scalable 

for commercial production [59-61]. The technology of melt blowing was first developed in 

the 1950s at the Naval Research Laboratory of United States [62]. In the melt blowing 

process, a molten polymer is extruded through small orifice into a stream of high velocity 

hot air. The fibres are formed by the elongation of the polymer streams coming out of the 

orifice by air-drag and are collected on the surface of a suitable collector in the form of a 

web [63,64]. Figure 2.3.2 is a schematic representation of the melt blowing equipment. 

The process can be controlled to produce fibers ranging in diameters from 1 to 50 11m [59]. 

Although traditional melt blowing is an efficient and economical process for commercial 

production of non-woven fiber products, it cannot produce fibers with diameters in the 

same size range as electrospun fibers and it is limited to thermoplastic polymers [65]. 
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(a) 

(c) Top View 

Figure 2.3.2: Schematics representation of the melt blowing equipment: (a) the entire 

melt blowing equipment, (b) side, and (c) top view of the homebuilt melt blowing die 

(Adapted from: [64)). 

2.3.3 Self-assembly 

Self-assembly is a bottom-up approach employed to create nanofibers from small building 

blocks, including small molecules, peptides, and nucleic acids [66] . The small molecules are 

arranged in a concentric manner and upon extension in a normal plane produce the 

longitudinal axes of the nanofibers. In self-assembly, the shape and properties of nanofibers 

depend on the molecules and the intermolecular forces that bring the molecules together. 

Nanofibers of various polymeric configurations such as diblock and triblock copolymers of 

peptide amphiphile and dendrimers have been successfully generated using the self-

assembly approach [67,68]. 
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2.3.4 Drawing 

An iron/silica rod or micropipette is dipped into the droplet of a viscous polymer solution 

near the contact line [69] . The method was used by Xing eta/ to fabricate poly (trimethylene 

terephthalate) nanofibers with diameters as low as 60 nm, and lengths up to 500 mm [70]. 

In this technique, nanofibers are drawn directly when a rod is placed in a polymer melt and 

moved up forming a thin filament that is cooled to form a nanofiber (Fig 2.3.4). 

,. 
Iron rod 

Polymer melt 

Approaching 1 Drawing 1 

/ 
Heating plate 

A B c D 

Figure 2.3.4: Schematic of nanofiber fabrication by the drawing technique. 

The drawing technique is su itable for viscoelastic materials which can undergo strong 

deformations. Although the process is simple it is limited to laboratory scale as nanofibers 

are individually formed. 
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2.3.5 Phase separation 

The phase separation method is a thermodynamic separation of polymer solution into 

polymer-rich and polymer-poor layers. The techn ique involves dissolving a polymer in a 

solvent at a high temperature followed by a liquid-liquid or solid-liquid phase separation 

induced by lowering the solution temperature [71] . 

The fiber network formation depends on the solvent of the polymer solution and the 

gelation temperature. The fibers formed in this manner have diameters ranging from 50 to 

500 nm, and have porosity in excess of 98% (72]. The advantage of the method is that it is 

relatively simple, and the requirements are minimal in terms of equipment compared with 

self-assembly and melt blowing. However, it is limited to a few polymer types and takes a 

long period of time to transfer the solid polymer into the nano-porous foam. 

In order to address all the drawbacks and to further make the MIP binding sites more 

accessible to the target analyte in solution, new, facile strategies for effective and versatile 

fabrication of high surface area to volume ratio selective nanomaterials are needed . 

Recently, the combined technique of molecular imprinting and electrospinning has been 

identified as a plausible technique to produce such materials, and will be discussed in detail 

in the following chapter. 
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3 
Molecular imprinting and Electrospinning 

24 



3.1 Overview 

This chapter consists of two sections. The first section presents background information 

covering the theory of molecular imprinting, imprinting process and the characterization 

techniques that are commonly employed to elucidate the structural features of MIPs. The 

section concludes with a discussion of the rational design of MIPs using the computational 

approach. The second section discusses the electrospinning process, as well as the 

combined technique of imprinting and electrospinning. 

3.2 Polymers as artificial receptors 

Molecular recognition is the underlying principle of many biological processes. Specialized 

structures fit perfectly with their natural targets, antibodies with their antigens, enzymes 

with their substrates, or hormones receptors with their hormones [73] . 

The biomacromolecules are therefore used as recognition systems in affinity technology 

with applications for example in analytical chemistry and biomedical fields. However, they 

are unstable out of their native environment, and therefore are difficult to integrate in 

standard industrial fabrication processes. So, it has been a long-term idea of researchers to 

be able to build such structures by artificially creating tailor-made receptors that are 

capable of recognizing and binding the desired molecular target with a high affinity and 

selectivity [74-80]. One remarkably simple way of generating artificial macromolecular 

receptors is through the molecular imprinting of synthetic polymers. 

Molecular imprinting is a technique that is used to create artificial receptors by the 

formation of a polymer network around a template molecule. This is achieved by forming a 
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highly cross-linked polymeric matrix between functional monomers and a target compound 

(template) [81]. 

3.3 Molecular imprinting process 

The process of molecular imprinting starts with the selection of an appropriate imprinting 

approach. The imprinting process involves complexation in solution of the template 

molecules with functional monomer(s), through either non-covalent or covalent 

interactions, followed by a polymerization reaction with an excess of cross linking monomer. 

There are three approaches to molecular imprinting: covalent, non-covalent, and 

hybridization of covalent and non-covalent, which is also called semi covalent imprinting. 

The most widely used approach for preparing MIPs is non-covalent imprinting (82]. First, the 

preparation of a non-covalent MIPs is relatively straightforward and requires few steps. In 

this approach, the complex of template and functional monomer is formed in situ by non

covalent interactions, such as electrostatic forces, hydrogen bonding, van der Waals forces, 

or hydrophobic interactions. 

There are several advantages of this approach including easy preparation of the 

template/monomer complex, easy removal of the template from the polymers, fast binding 

of templates to MIPs, and its potential application to a wide range of target molecules [83]. 

However, the binding constants in non-covalent imprinting are essentially weak compared 

to those of a covalent bond due to the nature of the interaction involved. However, when 

weak interactions are present as multiple docking points, they lead to strong binding. In 

order to compensate for the effect of the weak interactions, an excess proportion of 

functional monomer is added. 
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A major contributor to the molecular recognition afforded by MIPs is the binding affinity 

[84]. Binding affinity refers to the strength of the binding interaction, often given as a 

binding constant (K, mol'1) or as free energy (t.G, kcal/mol). Table 3.3 gives the ranges of 

binding energies for several major types of non-covalent interactions. 

Table 3.3: Range of binding energies for non-covalent interactions [85]. 

Types of binding interaction Range of binding energies(+) 

(kcal/mol) 

1. Electrostation 

a. ion-ion 20-80 

b. ion-dipole 12-50 

c. dipole-dipole 1-10 

2. Coordination bond 20-50 

3. Hydrogen bond 1-30 

4. n-n stacking 0-12 

5. van der Waals 0-1.5 

Covalent approach differs from non-covalent imprinting only in the formation of the 

template-polymer complex and the subsequent removal of the template. The covalent 

procedure of imprinting was first developed by Wulff et a/ [86,87]. In the approach, the 
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complex is formed by covalent-linkage of a functional monomer and template prior to 

polymerization. 

The main advantages of the approach are that the monomer/template complexes are stable 

and stoichiometric [88]. However, the template-monomer bond is not easily broken for the 

remova l of the template, and as a result, the study of covalent imprinting is not as 

widespread as its non-covalent counterpart. 

In the intermediate approach, the polymers are prepared like those in covalent imprinting, 

while the guest binding employs non-covalent interactions [89-90]. The studies conducted in 

this thesis relied more on non-covalent imprinting. 

The representation of the general scheme of non-covalent imprinting used for the 

preparation of MIPs is highlighted in Figure 3.3. MIPs are prepared by copolymerizing a 

monomer with a cross-linker in the presence of a template molecule. The template 

molecule is allowed to form reversible interactions via the non-convalent approach with one 

or more functional monomers. The monomers form spontaneous complexes around the 

template. Upon complex formation, crosslinking monomers are then added to a suitable 

porogen (solvent that aids pore formation} to drive polymerization. An extensive wash 

procedure is used to remove the template from the polymer, leaving imprintings or binding 

sites that are sterically and chemically complementary to the template. 
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a b c 
) ) ) 

Figure 3.3: Schematic representation of the imprinting process (!-functional monomers, 2-

crosslinker monomer, 3-template molecule; a-self assembly, b-polymerization, c-removal 

of template molecule) [73]. 

3.4 Factors affecting the imprinting process 

The molecular imprinting process is quite straightforward. However, there are several 

factors that influence the imprinting process, and hence the subsequent performance of the 

imprinted polymers. For example the template, the nature of the functional monomer(sL 

ratio of functional monomer(s) to template, solvent(s), crosslinker(sL initiator, temperature, 

pressure, polymerization time, and the dielectric constant of the components of monomer 

mixture employed. 

Binding site orientation, stability, and accessibility are governed by the structural 

characteristics of the polymeric matrix and are essential to recognition of the polymers 

formed. For this reason, investigating and optimising various parameters is essential in 

order to make progress in maximising recognition effects [91] . 
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3.4.1 Template (Print molecule) 

In all imprinting processes the template is fundamental in that it directs the organization of 

the functional groups pendent to the functional monomers. For practical applications, the 

analyte of interest is generally used as the print molecule for preparing the MIPs. The 

template should have the highest number of polymerizable sites that will interact well with 

the monomer as much as possible but should be chemically inert during the polymerization 

reaction [92]. 

The template with a high number of binding sites yields imprinted polymers of higher 

specificity and affinity for the analyte. The removal of the template provides a cavity, which 

matches the physical and chemical characteristics of the template species. 

Although the choice of the template is almost, always the target analyte, where the 

molecule is very expensive to buy, not readily available, a structural analogue termed a 

"surrogate" or "dummy template" can be employed to deal with these challenges [93]. The 

dummy approach may also be required if the species demonstrates sensitivity to the 

conditions of polymerization. 

In addition to the type of template, the stoichiometric ratio of template to functional 

monomer is very significant to the ultimate performance of the MIPs, in particular where 

interactions are noncovalent. The optimum ratio has to be determined for each individual 

template [94]. 
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3.4.2 Functional monomers 

The nature and type of monomer are some of the parameters that determine the quality 

and performance of the polymer product. The choice of appropriate functional monomer(s} 

is critica l for achieving good imprints, because the self-assembly process is governed by 

attractive interactions between the monomer(s} and template [95]. 

It is very important to match the functionality of the template with that of the monomer(s} 

in a complementary fashion, (e.g H-bond donor with H-bond acceptor} in order to maximise 

complex formation and thus the imprinting effect. When two or more functional monomers 

are used simultaneously in "cocktail" polymerization [95], it is important to always 

remember the reactivity ratios of the monomers to ensure that copolymerization is feasible. 

Figure 3.4.2 illustrates some frequently used non-covalent functional monomers, which are 

divided into groups corresponding to their acidic, basic or neutral character. 
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Figure 3.4.2: A range of functional monomers used in the noncovalent approach. 
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Finally, when choosing the functional monomer one should consider the chemical 

environment and application for the MIP. 

3.4.3 Cross-linking monomer (Cross-linker) 

Any discussion of the chemistry of MIPs should not overlook the cross-linker, since the 

cross-linker typically can make up anything between 70% and 98% of the final MIPs. In MIPs 

the cross-linker fulfils three major functions; 

(1) It imparts mechanical stability to the polymer matrix. 

(2.) It serves to stabilize the imprinted site. 

(3) The cross-linker is important in controlling the morphology of the polymer matrix, 

whether it is gel-type, macroporous or a microgel powder. 

A number of cross-linkers reported in the literature are illustrated in Figure 3.4.3. A few 

systematic investigations of the effect of cross-linkers on the recognition properties of MIPs 

have been carried out, notably by the groups of Wulff [96] and Spivak [97]. 

The degree of cross-linking is important in preserving the binding specificity of MIPs. When 

functional groups are not satisfactorily attached by cross-linking, i.e. levels of cross-linking 

are too low, the binding specificity by the MIPs decreases. On the other hand, when the 

levels are too high, the loading capacity of the MIPs is reduced, and the diffusion of 

substrates into the imprinted cavities during rebinding may also be obstructed. 

Of all the cross-linking monomers, the most commonly used is ethylene glycol 

dimethacrylate (EGDMA) [98], because of its availability and ability to easily cross link with a 

wide range of functional monomers. 
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Figure 3.4.3: Selection of cross-linkers used in molecular imprinting protocols. 
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3.4.4 Solvents 

The solvent is one of the most important factors determining effective molecular 

recognition because the accuracy of t he assembly between the template and the monomer 

is related to the physical and chemical characteristics of the solvent. One must use a solvent 

that dissolves all the components of the pre-polymerization mixture, allows for optimal 

template-monomer interaction, and contributes to good porosity characteristics in the final 

MIPS. 

The morphological properties of porosity and surface area are determined by the type of 

solvent used in the polymerization. Porosity arises from phase separation of the solvent and 

the growing polymer during polymerization. Solvents with low solubility phase separate 

early and tend to form larger pores and materials with lower surface areas. Conversely, 

solvents with higher solubility phase separate later in the polymerization providing 

materials with smaller pore size distributions and greater surface area. 

However, the polymers made using chloroform are solvated to a high degree, and MIPs 

made without any solvent do not exhibit any selectivity as the substrate cannot access the 

polymer. Thus, diffusion of substrates through the MIP appears to be fast enough through 

the chloroform solvated polymers without requiring porosity [99] . 

Some typical solvents commonly used in the noncovalent approach, together with their 

dielectric constants and hydrogen bond type are listed in Table 3.4.4. 
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Table 3.4.4: Physical properties of some solvents commonly used in the non-covalent 

approach [85]. 

Solvent Dielectric constant Hydrogen bond type General effect as 

imprinting solvent 

Toluene 2.40 p + 

Methylene chloride 8.90 p + 

Chloroform 4.80 p + 

Acetonitrile 37.50 p + 

Acetic acid 6.20 s -

Methanol 32.70 s -

Dimethylformamide 37.00 M -

Water 80.00 s -

P = Poor hydrogen bonding solvent, M =Moderate hydrogen bonding solvent and S =Strong 

hydrogen bonding solvent. 

3.4.5 Initiators 

The role of the initiator in radical polymerization is well-known as it is responsible for the 

creation of monomer radicals in order to propagate the polymer formation. The initiator is 

homolytically cleaved by thermal decomposition, photolysis or ionizing radiation. These two 

latter techniques are rarely used for MIP preparation. Mueller et a/. performed 

photochemical polymerization with 2,2-azobis(2-methylpropionamidine)dihydrochloride 

(AAPD) as an initiator [52,100]. Shamsipur et a/. also made an aminopropyl silica gel react 
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with 4,4-azobis(4-cyanopentanoic acid chloride) to obtain init iator-modified silica particles 

[101]. In most cases, when radicals are produced by thermal decomposition of the initiator, 

2,2-azobisisobutyronitrile (AIBN) is used because its temperature of decomposition is 

compatible with the polymerization solvents. The chemical structures of selected 

polymerization initiation are shown in Figure 3.4.5. 

CN 

r-----~---N _______ N----~----~ 

CN 

Azobis-( cyclohexanecarbonitrile) 
(ACC) 

CN 

Benzoyl peroxide 
(BPO) 

Azobisisobutyronitrile 
(AffiN) 

Figure 3.4.5: Chemical structures of selected chemical initiators. 
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3.4.6 Polymerization temperature 

The position of equilibrium between free template-monomer(s) and their corresponding 

complexes is a product of both temperature and pressure [102] . Severa l studies have shown 

that polymerization of MIPs at lower temperatures forms polymers with greater selectivity 

versus polymers made at elevated temperatures. To polymerize at colder temperatures, it is 

necessary to use photochemical polymerization. 

Mosbach et a/. [103] presented a study on enantioselectivity of L-phenylalanine anilide 

imprinted polymers, one polymer being thermally polymerized at 60 °C, the other 

photochemically polymerized at 0 °C. The results of the study showed that better selectivity 

was obtained at the lower temperatures. The reason for this has been postulated on the 

basis of Le Chatelier's principle, which predicts that reduced temperatures will drive the pre

polymer complex toward complex formation, therefore increasing the number and possibly, 

the quality of binding sites formed [104]. 

3.5 Characterization of molecularly imprinted polymers 

This section presents various chemical and morphological characterizations that are 

commonly employed for MIPs at both pre and post-polymerization stages. 

3.5.1 Pre-polymerization characterization of MIPs 

In the noncovalent approach the stability of the template-monomer complex formed in the 

pre-polymerization mixture will govern the resulting binding site distribution and the 

distribution properties of the imprinted polymer matrix. A close analysis of the pre-
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polymerization solution can provide some insights into the various interactions occurring 

during imprinting. 

Furthermore, since the reorganization of functional groups at the binding sites is required 

during rebinding, the spectral studies before and after rebinding can also shed light on 

rebinding. Various types of spectrometric techniques such as nuclear magnetic resonance 

(NM R) [lOS] and ultraviolet {UV) [106] have been employed to confirm the possible 

noncovalent monomer-template interactions during MIP synthesis. 

3.5.1.1 Ultraviolet (UV} 

Template-monomer self assembly has also been studied using UV spectroscopic titrations in 

order to calculate the dissociation constants for the solution adducts and the relative 

concentration of fully complexed templates in the polymerization mixture [135]. The main 

advantage of this technique is its simplicity and the possibility to control template-monomer 

complex formation in aqueous media [107,108] . 

Striegler eta/. characterized by UV spectroscopy and relied on spectrometric data to choose 

the best ligand for copper capable of providing effective functional monomers for 

carbohydrate imprinted polymer synthesis [107]. The experimental data firstly estimated 

the copper-ligand stability in order to select the best ligand, and secondly to evaluate the 

apparent binding constants between the copper-containing functional monomers and 

different hexoses in alkaline pH. The complex [(diethylenetriamine) copper(ll)] dinitrate 

appeared to be the most promising monomer for the complexation with sugars, as it was 

found that the binding involved only hydroxyl groups at C1 and Cz of the carbohydrates. 
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3.5.1.2 Fourier transform infrared (FTIR) 

FTIR spectra provide the fundamental analytical basis for rationalizing the mechanisms of 

recognition during the imprinting process probing the governing interactions for selective 

binding site formation at the molecular level [109] . FTIR has been used particularly for 

dissolved samples or in the solid state. The interaction between the functional monomer 

and template during pre-polymerization complex formation and the template incorporation 

into the imprinted polymer during rebinding can be confirmed by the characteristic FTIR 

absorption analysis [96]. 

Duffy et a/. characterized by FTIR pre and post-polymerization binding properties of an 

imprinted membrane for thymine using 2,6-diacyldiaminopyridine as a functional monomer 

[110]. Liquid spectroscopy clearly showed the three hydrogen bonds linking the monomer 

and template molecules in the pre-polymerization mixture. The three characteristic bands of 

the amino groups above 3000 cm-1 remained after the polymerization, indicating that the 

template-monomer complex was still present in the polymer. 

However, it should be noted that the presence of a solvent cou ld interfere with the 

determination of specific characteristics of complexation. Thus, explains why FTIR technique 

has not been applied extensively to the analysis of pre-polymerization solutions [110,111]. 

3.5.1.3 Nuclear magnetic resonance {NMR) 

The NMR characterization has been applied to the study of the template-monomer 

interactions [112]. NMR titration experiments are. known to facilitate the observation of 

hydrogen bond formation between bases and carboxylic acid through hydrogen bonding. 

The studies were introduced in molecular imprinting so as to investigate the extent of 
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complex formation in pre-polymerization solutions and as a means of identifying the specific 

sites in interacting structures that engage in complexation [113] . 

In most of the NMR studies, it has been possible to determine the exact composition of the 

complex. Nicholls et a/. investigated in detail the characterization of complexes between 

nicotine and methacrylic acid [114]. It was shown that template self-association complexes 

were present in the pre-polymerization mixture and that the extent of template self

association was dependent both upon solvent and the presence of monomer. Thus the 

dimerization of the template was more stable in chloroform than in acetonitrile due to 

electrostatic interactions. However, the presence of acetic acid, an analogue of methacrylic 

acid, resulted in nicotine-nicotine complexes that were stronger in acetonitrile. 

3.5.2 Post-polymerization characterization of MIPs 

Macroscopic network polymers are notoriously difficult to characterize largely on account of 

their insoluble and intractable nature. MIPs are no exception. MIPs are solids, and therefore 

cannot be characterized by more commonly employed polymer characterization methods 

that would require polymer solutions; e.g gel permeation chromatography, solution NMR 

techniques and UV measurements directly on the polymers. Furthermore, because MIPs are 

amorphous, crystallographic or microscopy methods cannot be used to determine the 

structure of the MIP binding sites, although microscopic techniques like scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM) 

have aided the macroscopic understanding of their morphology [115]. Therefore, there are 

only a limited number of direct physical characterization methods for imprinted polymers. 

These include nitrogen sorption porosimetry measurements, FTIR spectroscopy, solid state 
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carbon-13 nuclear magnetic resonance cross polarization-magnetic angle spinning (NMR 

13C-CPMAS) spectroscopy, swelling and thermogravimetric analysis (TGA). 

3.5.2.1 Nitrogen sorption porosimetry 

Nitrogen sorption porosimetry involves a fixed mass of dry polymer being exposed to a gas 

(usually nitrogen) at a series of fixed pressures. By measuring the amount of sorbed as a 

function of pressure, sorption isotherms can be constructed from which, following 

application of BET (Brunaure, Emmett and Teller) theory and mathematical models, 

information on the specific surface area (m2/g), specific pore volume (ml/g), average pore 

diameter and pore size distribution can be extracted [92]. 

The method is particularly useful for analysing in detail medium-sized (meso-) and small 

(micro-) pores. The IUPAC definitions of size as applied to pores are as follows: micropores 

<2 nm; mesopores 2-50 nm; macropores >50 nm, and this is well illustrated in Figure 

3.5.2.1. 
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Figure 3.5.2.1: Model of morphology formation that provides the porous network in MIPs 

[116]. 

3.5.2.2 Microscopy 

Microscopy can be used in a variety of distinct ways to probe imprinted polymers on a 

variety of length scales. For instance, light microscopy can be used to verify the structural 

integrity of polymer beads whereas SEM can often be used to image macropores [92]. 

3.5.2.3 Thermal gravimetric analysis {TGA) 

TGA can be used to determine mass changes during a reaction. Typical applications of TGA 

include the assessment of thermal stability and decomposition temperature, extent of cure 

in condensation polymers, composition and some information on sequence distribution in 

copolymers, and composition of filled polymers, among many others [117] . 
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3.5.2.4 Characterization of MIP swelling 

The efficiency of a functional polymer is governed by the accessibility of the reactive 

functional groups anchored on it, which in turn depends upon the extent of swelling and 

salvation [118]. Swelling in MIPs has most often been measured using volumetric methods 

published by Sellergren and Shea [115]. 

There are some difficulties, however, due to buoyancy (i.e. the polymers float) especially for 

the polymers in chlorinated solvents; and general accuracy of volumetric methods. A more 

accurate technique that can be used measures changes in volume for a single bead. Its size 

is then observed under a microscope in the absence and presence of solvent. The particles 

are then photographed in swollen and unswollen states, and the ratios in surface area 

calculated to give the percent swelling [119]. In many cases the particles have irregular 

shape giving wide ranges of different sizes for the particles. Consequently, it is best to follow 

the same particle from the swollen state to the dry state. Swelling studies are generally 

carried out in parallel on a non-imprinted polymer (NIP), also referred to as the control or 

blank polymer. The NIP is obtained by applying the same procedure of polymerization of 

MIP but in the absence of the template. 

3.5.2.5 Solid state NMR 

Solid state NMR techniques circumvent the need to work in solution and therefore enable 

the NMR spectra of insoluble species to be acquired. For network polymers, insight into the 

different chemical environments present in the sample and information on the degree of 

chemical cure can be obtained. As far as molecular imprinting work is concerned, solid state 

NMR has been relatively under-exploited [92]. 
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3.6 Rational design of MIPs {Computational approach) 

Computational approach (CA) uses molecular modelling software to design and screen a 

virtual library of monomers against the desired template. Through CA it is possible to 

calculate binding energies and predict template-monomer interaction positions, making it 

easier to select the best functional monomer to be used [120-123]. Following CA approach, 

polymers with high binding capacity and selectivity have been obtained for different 

analytes. For example, the study presented recently by Chianella eta/. [124] where the use 

of a computational protocol allowed the preparation of a MIP for the drug abacavir with a 

surprisingly high binding capacity of up to 157 mg of drug per gram of polymer, were 

remarkable. 

In another example, functional ephedrine MIPs were predicted and tested [130]. The best 

example to date is probably the use of CA to generate MIPs for Microcystin-LR, an algal 

toxin [125]. This would have been difficult to achieve using conventional imprinting 

approaches due to the expense and toxicity of the template, but was attempted with some 

success following virtual imprinting to give likely recipes for successfu l polymers. A real 

strength of the approach is its ability to deal with mixtures of functional monomers and 

predict likely complexes and stoich iometries. 

Another consideration of combining molecular imprinting together with electrospinning 

technique is to enhance the characteristics of the sorbents formed through molecular 

imprinting technique, and to broaden their usage. By combining both techniques it would 

be possible to incorporate cavities/binding sites into electrospun fibers. 
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3.7 Electrospinning 

Electrospinning nanotechnology is the most promising of all the methods to fabricate 

nanofibers. The technique is applicable to virtually every soluble or fusible polymer and is 

capable of spinning fibers in a variety of shapes and sizes with a wide range of properties to 

be used in a broad range of biomedical and industrial applications [126,127]. 

3.7 .1 Historical background of electrospinning 

In 1600, the first record of the electrostatic attraction of a liquid was observed by William 

Gilbert [186]. Christian Friedrich Schonbein produced highly nitrated cellulose in 1886. In 

1887 Charles Vernon Boys described the process in a paper on nanofiber manufacture. John 

Francis Cooley filed the first electrospinning patent in 1900. Between 1931 and 1944 Anton 

Formhals took out at least 22 patents on electrospinning. In 1938, N.D. Rozenblum and 

I.V.Petryanov-Sokolov generated electrospun fibers, which they developed into filter 

materials [128]. 

Between 1964 and 1969 Sir Geoffrey Ingram Taylor pioneered the beginnings of a 

theoretical underpinning of electrospinning by mathematically modelling the shape of the 

(Taylor) cone formed by the fluid droplet under the effect of an electric field . In the early 

1990s several research groups (notably that of Reneker who popularised the name 

electrospinning) demonstrated that many organic polymers could be electrospun into 

nanofibers. Research on electrospinning gained momentum in past decade due to increased 

knowledge on the application potential of nanofibers in various fields such as high efficiency 

filter media, protective clothing, catalyst substrates, and adsorbent materials. There are 

currently over 80 patents filed on various aspects of electrospinning in the United State 

alone [129]. 
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3.7 .2 Description of the electrospinning process 

In the electrospinning process, an electric field is generated between the polymer solution 

contained in a syringe and a metallic collection plate by connecting the spinneret of the 

syringe to a high voltage power supply as shown in Fig. 3.7.2. Charge is induced on the liquid 

surface by an electric field. Mutual charge repulsion causes a force directly opposite to the 

surface tension. As the intensity of the electric field is increased, the hemispherical surface 

of the solution at the tip of the spinneret elongates to form a conical shape known as the 

Taylor cone [130]. 

When the electric field reaches a critical value at which the repulsive electric force 

overcomes the surface tension force, a charged jet of the solution is ejected from the tip of 

the Taylor cone. Since this jet is charged, its trajectory can be controlled by an electric field. 

As the jet travels in air, the solvent evaporates, leaving behind a charged polymer fiber 

which lays itself randomly on a collector. Thus, continuous fibers are laid to form a non

woven fabric. 
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Figure 3.7.2: A schematic diagram of a typical electrospinning setup 

3.8 Physical principle of the electrospinning process 

Electrospinning is a highly coupled process involving high speed nonlinear 

electrohydrodynamics, complex rheology, and transport of charge, mass, and heat within 

the jet. The process consists of three stages: jet initiation, jet elongation with or without 

branching and/or splitting, followed by solidification of jet into nanofibers. Studies 

conducted by Rayleigh [131], Zeleny [132], and Taylor [130] provided insight into the 

behaviour of the liquid jets. 

3.8.1 Jet initiation 

Taylor showed that a conical surface, referred to as the Taylor cone, is formed with an angle 

of 49.3° when the droplet is subjected to an external electric field (Fig. 3.8.1). Due to the 
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application of the electric field, a charge is induced on the surface of the drop. This charge 

offsets the forces of surface tension and the droplet changes shape from spherical to conical 

[133]. 

V=O c V>Vc 

Figure 3.8.1: Changes in the polymer droplet with applied potential [149]. 

When the intensity of the electric field (V) attains a certain critical value (Vc), the 

electrostatic forces overcome the surface tension of the polymer solution and force the 

ejection of the liquid jet from the tip of the Taylor cone. The highest charge density is 

present at the tip of the cone from where the jet is initiated [134]. Taylor showed that Vc (in 

kilovolts) is given by 
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eqn 3.1 

where H is the air-gap distance, Lis the length of the capillary tube, R is the radius of the 

tube (units: H, L, and R in centimetres), andy is the surface tension of the fluid (dyn/cm). 

The Taylor cone angle was independently verified by Larrondo and Manley, who 

experimentally observed that the semivertical cone angle just before jet formation is 50° 

[135-137]. In another publication, it was reported that the Taylor cone's angle should be 

33.5° instead of 49.3° [138]. 

3.8.2 Jet thinning 

Parameters such as solution concentration, field strength, flow rate, jet velocity and shear 

rate impact the electrospinning process. In the case of low molecular weight fluids, the rate 

at which the radius of an electrostatically driven jet decays depends on the flow rate of the 

polymer solution. If the flow rate is slow, the radius of the jet decays very rapidly. On the 

other hand, if the flow rate is fast, the radius of the jet decreases slowly. Deitzel eta/. [139] 

explained this phenomenon by assuming a simple cylindrical geometry to represent the 

volume element of the electrospinning jet. 

From Eq. 3.2, the ratio of surface area to volume ratio (specific surface area) is inversely 

proportional to the jet radius. Therefore, an increase in the jet radius results in a 

corresponding decrease in the specific surface area associated with that specific volume 
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element. If the density of the polymer solution and the surface charge density are assumed 

to be constant, then it follows that the charge to mass ratio will decrease with increasing jet 

radius. From Eq. 3.3, the acceleration is directly proportional to the ratio of charge to mass; 

hence, an increase in jet radius results in a decrease in the acceleration of the fluid [139]. 

A 

v eqn 3.2 

where A is the surface area of the cylindrical volume element, V is the volume, and R is the 

radius of the jet, 

eqn 3.3 

where a is acceleration, E is the electric field strength, q is the available charge for the given 

volume element, and m is the mass of a given volume element. 

It should be noted that the simplified model of a cylinder was only meant to provide a gross 

illustration of the interaction between the solution feed rate, electrospinning voltage, and 

the charge to mass ratio. This idea is consistent with the results reported by Baumgarten 

[140]. His experiments illustrated that as the viscosity of the polymer solvent decreased, the 

spinning drop changed from hemispherical to conical. By using equipotential line 

approximation calculations, he obtained an expression to calculate the radius r0 of a 

spherical drop as follows: 
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eqn 3.4 

where E is the permittivity of the fluid (C/V em), m0 is the mass flow rate (g/s) at the 

moment, where r0 is to be calculated, k is a dimensionless parameter related to the electric 

currents, CJ is the electric conductivity (A/V em), and pis the density (g/cm\ 

3.8.3 Jet instabilities 

The travelling liquid jet stream is subject to a variety of forces with opposing effects; as a 

result, various fluid instabilities also occur in this stage [141]. The jet may undergo splitting 

into multiple subjects in a process known as splaying or branching (142]. This happens when 

changes occur in the shape and charge per unit area of the jet due to its elongation and the 

evaporation of the solvent. This shifts the balance between the surface tension and the 

electrical forces, and the jet becomes unstable. In order to reduce its local charge per unit 

surface area, the unstable jet ejects a smaller jet from the surface of the primary jet [142]. 

Hohman et a/.[143,144] and Shin et a/.[145] investigated the stability of electrospinning PEO 

jet and concluded that the possibility for three types of instabilities exists. The first is the 

Rayleigh instability, which is axisymmetric with respect to the jet centreline. The second is 

also an axisymmetric instability and the third is a nonaxisymmetric instability, called 

"whipping" instability, mainly by the bending force. Rayleigh instability occurs due to 

opposing forces acting on the surface area of the jet. Electrostatic repulsion of the charges 

in the jet tends to increase its surface area. 
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On the other hand, the surface tension tends to reduce the total surface area of the jet. 

Therefore, instability occurs, which causes the jet to break up into droplets, each with a 

surface area minimizing spherical shape. This effect is known as Rayleigh instability [131] . 

3.8.4 Jet solidification 

The solidification of the jet results in the deposition of a dry nanofiber on the collector. The 

solidification rate varies with the polymer concentration, electrostatic field, and gap 

distance. Varin eta/. used a quasi-one-dimensional equation to describe the mass decrease 

and volume variation of the fluid jet due to evaporation and solidification, by assuming that 

there is no branching or splitting from the primary jet. They also reported that the cross

sectional radius of the dry fiber was 1.31 x 10·3 times that of the initial fluid jet [146]. 

Conglutination is the process by which partially solidified jets can produce fibers that are 

attached at points of contact. Strong attachments at crossing points stiffen the mat. This is 

an important factor in determining the mechanical properties of the nonwoven structure. 

After the onset of bending instability, the jet path may follow a very complicated path and 

successive loops of coil may touch in flight and form permanent connections. The resulting 

network formed is called a garland (Figure 3.8.4) [147]. 
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Figure 3.8.4: (a) A short segment of a garland yarn, {b) details of the conglutinated solid 

fibers, and (c) a diagram of a loop in a segment of one fiber and another loop [147). 

3.9 Electrospinning innovations and modifications 

Several innovative electrospinning processing techniques to enhance the function and 

properties of electrospun fibers have been described in this section. Desirable physical and 

biological properties of electrospun nanofibrous scaffolds can be obtained by using the 

innovations. 

3.9.1 Coaxial electrospinning 

In the process of coaxial electrospinning, two polymer solutions can be coelectrospun 

without direct mixing, using two concentrically aligned spinnerets. The same voltage is 

applied to both metal spinnerets and it deforms the compound droplet on the top of tip. A 
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jet is generated on the tip of the deformed droplet and in an ideal case, a core-shell 

nanofiber is created [148] . The experimental setup is shown in Figure 3.9.1. 

The electrospinning of a concentric jet solution was f irst reported by Sun eta/. [149]. They 

successfully created coaxial fi bers made of combinations of different materials, PEO-

poly(dodecylthiophene), PLA-palladium, and PEO-polysulfone, or of a composition of 

identical polymers (PEO-PEO) contrasted by dyeing agents such as bromophenole. The 

fabrication of a core shel led structure with polycaprolactone (PCL) as the shel l and gelatine 

as the core was fabricated by Zhang eta/. [150]. 
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Figure 3.9.1: Experimental setup for coelectrospinning to produce core-shell nanofibers 

[150]. 
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3.9.2 Multilayer and mixed electrospinning 

In mixed electrospinning, two or more different polymers solutions can be electrospun from 

two or more different polymer syringes under different processing conditions (Figure 3.9.2). 

Multilayer and mixed electrospinning was first demonstrated by Kidoaki eta!. to fabricate 

scaffolds containing three different polymers, segmented PU, styrenated gelatine, and type 

1 collagen for use as an artificial blood vessel [151]. 

The resulting fibrous mesh consisted of layers sequentially deposited on the same target 

collector. Moreover, multilayer electrospinning has been studied using PCL, PLA, PDO, 

poly(glycolide-co-trimethylene carbonate), gelatine, and elastin. These studies 

demonstrated different uses of multilayered techniques. Smith eta/. [152] electrospun POD

elastin bilayered constructs with a suture wound in the center for reinforcement. Yang et at. 

[153] created a layered structure of polymers and cells by electrospinning PCL and collagen 

together, seeding human dermal fibroblasts, and then repeating the polymer and cell layers. 

These cellularized constructs were produced in sheet form and not with tubes. Thomas eta/. 

[154] utilized PGA, elastin, and gelatin in a three layered form. 

However, the use of PGA and gelatine would not be conducive to an arterial graft as gelatin, 

in vivo, has been shown to display a large cytotoxic response and PGA is a rapidly degrading 

polymer that would result in arterial graft failure due to loss of mechanical integrity [155]. 

McClure et at. successfully fabricated multilayered electrospun conduit composed of PCL 

blended with elastin and collagen in the ratio 45:45:10, and 65:25:10, with distinct material 

properties for each layer. It was demonstrated that these layers changed the overall graft 

properties with regard to suture retention and compliance, containing values that were 

within the range of native artery [156]. 
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Figure 3.9.2: Multiple syringe electrospinning setup depicting a three syringe input and a 

single needle output [156]. 

3.9.3 Force air assisted electrospinning 

The method has been used for the electrospinning of aqueous hyaluronic acid {HA) that 

could not be electrospun using conventional electrospinning due to its very high solution 

viscosity and high surface tension at fairly low solution concentrations [157]. In this process, 

air flows parallel to the straight portion of the jet concentrically surrounding the polymer. 

The experimental setup is shown in Fig. 3.9.3. In the study, the air-blowing system was 

attached to the regular electrospinning apparatus. This resu lted in the modified apparatus 

having two simultaneously applied forces, an electrical force and an air-blowing shear force, 

to fabricate the nanofibers. The air blow system consisted of two components, a heater and 

a blower. The air generated by the blower was heated by passing it through the heating 

elements. 
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It was found by Um eta/. [157] that the combination of air-blowing force and the applied 

voltage was capable of overcoming the high viscosity as well as the high surface tension of 

the HA solution. In addition, the elevated temperature of the blowing air could further 

reduce the solution viscosity of the HA solution. The air could also aid in faster solvent 

evaporation. Thus, the fiber diameter could be customized by controlling the flow rate and 

temperature of the blown air. 

Polymer Solt.tUort 
Syringe Pump 

Control 
Computer 

--· 

H.V. Power Supply 
(0 ··50 kV) 

Air Temperature & 
Flowrate Controller 

r·~ 
Compressed 
Air Inlet 

Air Dlstribotor 

Figure 3.9.3: Experimental setup of forced air assisted electrospinning system [157]. 

3.9.4 Air-gap electrospinning 

Huang et a/. [158] first developed an approach for fiber alignment by using a rectangular 

frame structure under the spinning jet. Sell eta/. [159] described the use of an "air-gap" 

electrospinner for ligament tissue engineering. Jha et a/. [160] fabricated nerve guides of 

PCL using an air-gap electrospinner. The electrospinner (Figure 3.9.4) allowed the creation 
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of three-dimensional constructs composed of highly aligned nanofibers, as opposed to 

creating compacted aligned constructs through traditional electrospinning techniques. 

Air-gap electrospinning requires the charged spinneret of the polymer solution to be placed 

equidistant from a pair of conductive parallel targets. Due to the electric field, the 

electrospinning jet stretches itself across the air gap and deposits aligned fibers between 

the charged targets. The charge of the individual fibers creates a mutual repulsion, which 

enhances their ability to align and be distributed evenly. Using this method, the electrospun 

scaffold obtained is similar in both overall size and shape as the parallel collecting 

electrodes. Thus, the shape of the scaffold can be altered by changing the profile cif the 

electrodes. In the air-gap electrospinning system, two stepper motors are mounted on the 

individual towers to provide rotation of two stainless steel targets (one target per motor). 

The rotation of the steel targets in the same direction allows for constructs to be created 

evenly through 360° of rotation or for the stepper motors to be run in opposing directions 

for a winding action of the constructs to take place during electrospinning. 

The towers have the ability to translate as well as rotate in order to create structures of 

different shape and size. Simply by changing the direction and speed of electrode rotation, it 

is possible to create a number of unique wound and multilayered electrospun constructs 

with macrostructures significantly different from those created through traditional 

electrospinning, while maintaining the same microstructure that makes traditional 

electrospinning so beneficial for tissue engineering. 
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Figure 3.9.4: Air-gap electrospinner setup [160]. 

3.10 Combined technique of imprinting and electrospinning 

There is currently research interest in nanomaterials as their small physical size often offers 

improved and even new functions that cannot be achieved with bulk materials. In this 

respect, nanomaterials bearing tailor-made molecular binding properties are very attractive 

because they can potentially be used to substitute biological receptor molecules to afford 

high specific target recognition in different applications, e.g. affinity separations, substrate 

and enantioselective catalysis, assays, and development of biomimetic sensors [161]. 

Among the different synthetic strategies that are presently studied, molecular imprinting 

and electrospinning are probably the most straightforward for the purpose of producing 

nanostructured materials that have predesigned molecular recognition capabilities. 

Yoshimatsu et a/. [162] reported that molecularly imprinted nanoparticles were 

encapsulated inside polymer nanofibers using an electrospinning method. Silvia eta/. [163] 
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described polymer nanofibers with entrapped molecularly imprinted polymer nanoparticles 

and studied their possible use in a fluorescence-based biosensor application. 

Most recently the electrospinning technique was applied to the imprinting field by 

Chronakis et of. [164]. Here electrospun nanofibers were prepared from a mixed solution of 

poly(ethylene terephthalate) (PET, as a supporting matrix for fiber formation) and 

polyallylamine (providing functional groups) in the presence of a template molecule, 2,4-

dichlorophenoxyacetic acid. 

Compared with imprinted microparticles, the imprinted electrospun nanofibers have 

tunable flexibility of shapes and sizes. The imprinted nanomaterials have also better 

dispersibility in analyte solutions and thus greatly reduce the resistance of mass transfer 

[165,166]. Consequently, imprinted electrospun nanofibers are excellent candidates for 

application in different fields such as biomedical, analytical chemistry, separation sciences 

and purification. 

Chang et of. [167] reported the development of molecularly imprinted polyimide nanofibers 

prepared by electrospinning using naturally occurring estrogen, called estrone as template 

molecule and investigated the effects of polyimide structures on binding affinity. Actually, 

this approach provided new application possibilities for imprinted electrospun 

nanomaterials. 

Thus, to further enhance the selectivity, reusability, and mechanical stability of the 

imprinted nanomaterials, our research group has successfully fabricated crosslinked 

electrospun imprinted nanomaterials through strategic imprinting process designs for the 
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clean-up of metalloporphyrins from organic media as shall be demonstrated in the next 

chapter. 
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4 
Experimental 
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4.1 Overview 

This chapter introduces the specific analytes of interest in this thesis together with the 

materials and methods used in the research . It also describes the experimental procedures 

that were employed. 

4.2 Specific analytes of interest 

4.2.1 Vanadyl and Nickel Tetraphenylporphyrins (VTPP and NTPP) 

Metalloporphyrins have been observed in various branches of science and industry. Their 

removal from crude oil is important not only from the scientific point of view but also from 

both economic and environmental standpoints. Crude oil contains a large variety of metallic 

compounds with vanadium and nickel being the major metals [168] . Some 6-34% of total 

vanadium and nickel content is made up out of metalloporphyrins (see Fig. 4.2.1 for 

structure) [169] . 

Five main types of metalloporphyrins have been reported in the literature to be present in 

crude oil. These are etioporphyrins (Etio), octaethylporphyrins (OEP), 

deoxophyllocrythroetioporphyrins (DPEP), benzoetioporphyrins (Benzo), and 

tetraphenylporphyrins (TPPs), with TPPs as the predominant species [170] . Among this 

group of TPPs, vanadyl and nickel TPPs were found to be the most abundant and 

undesirable [9]. While the presence of vanadyl and nickel TPPs in crude oil can cause 

environmental pollution, they also negatively affect catalyst selectivity during the refining 

process. In addition, TPPs compounds can adversely affect fuel stability (171]. 

In order to address the detrimental effect associated with vanadyl and nickel TPPs, a sample 

preparation step employing cheap, rapid and selective materials is needed. Molecularly 

imprinted sorbents have been identified as examples of such materials. They have been 
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shown to be suitable candidates for sorbent material hence providing a select ive clean-up 

and pre-concentration step for samples normally associated with complex matrices. 

This thesis presents experimental procedures for the preparation and evaluation of the 

effectiveness of a simple and cheaply prepared imprinted sorbents that are suitable for 

analytical applications. 

NTPP VTPP 

Figure 4.2.1: Molecular structures or geometries of Vanadyl and nickel 

tetraphenylporphyrins. 

4.3 Materials 

4.3.1 Chemicals and reagents 

Al l the chemicals were of analytical grade and were used without any further purification. 

Styrene (99%), divinyl benzene (DVB) (80%), l,l'azobis(cyclohexanecarbo-nitrile) (ACC) 

(98%), vanadyl tetraphenylporphyrin (VTPP: Mw 679.67, CAS 14705-63-6), nickel 
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tetraphenylporphyrin (NTPP: Mw 671.41, CAS 14172-92-0), chloroform (99%}, methanol 

(MeOH) (99.8%), acetic acid (AA) (99.7%), trifluoroacetic acid (TFA) (99%), dichloromethane 

(DCM) (99.8%), dimethyl sulphoxide (DMSO) (99.7%), and pentane (PEN) (99%) were 

supplied by Sigma-Aldrich (Johannesburg, South Africa). 

Standard solutions were freshly prepared using ultrapure water generated from MilliQ 

systems (Massachusetts, USA). All glassware was soaked overnight in 4 M HN03 solution 

prior to use. Working standards of metal solutions were freshly prepared from stock 

solutions. 

4.3.2 Polymers 

Poly(ethylene terephthalate) (PET: 50,000, CAS 25038-59-9} and linear-polyethylenimine (L

PEI : 2,500, CAS 9002-98-6) were supplied by Sigma-Aldrich (Johannesburg, South Africa). All 

the polymers were used as received. Polymer solutions were prepared by dissolving known 

masses of the polymer (pellets or powder) in appropriate volumes of solvents by slowly 

agitating the solution using Stuart SB-162 magnetic stirrer (Staffordshire, UK). 

4.4 Instrumentation 

4.4.1 Electrospinning setup 

Single nozzle set-ups (Fig. 4.4.1) consisting of an infusion pump KD Scientific Syringe Pump 

Series 100 or New Era Multi-phaser NE-1000, Farmingdale, (NY, USA) and high voltage 

source (Glassman High Voltage Inc. Series EL). The collector system was a flat aluminium 

sheet placed on a support. Electrospinning was carried out at room temperature (293 ± 2 K). 
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Figure 4.4.1: Electrospinning setup. 

4.4 .2 Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spect ra {4000-400 cm-1) of the MIP/NIP particles and nanofibers were recorded by a 

Perkin-Elmer 100 FTIR spectrophotometer Waltham, {MA, USA) with an AutoiMAGE system 

to confirm the formation/disappearance of bonds. 
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4.4.3 13C-NMR spectroscopy 

13C-NMR spectra of the preblending mixtures of both the MIP and NIP were recorded on a 

Bruker (Rheinstetten, Germany) AVANCE 400 MHz spectrometer to confirm the exact 

assignment of the carbons. 

4.4.4 Scanning electron microscopy 

Morphology of the MIP/NIP particles and nanofibers was studied using a VEGA TESCAN 

TS5136ML (Brno, Czech Republic) SEM instrument. Prior to the SEM analyses, the samples 

were sputter-coated with a gold layer using Balzers Union FL-9496 (Liechtenstein, Germany). 

Energy dispersive X-ray spectroscopy (EDX) (INCAPentaFETx3 Oxford ISIS EDS) was used to 

observe the chemical composition of products. 

4.4.5 Elemental analysis 

Elemental analysis was performed directly with a Vario Elementar Microtube ELIII Series 

(Hanau, Germany} after carefully drying the samples. The calibration of the instrument was 

carried out employing sulphanilamide and acetanilide standards. 

4.4.6 Pore size analysis and BET surface area 

Surface areas and pore characteristics of the MIP/NIP particles and nanofibers were 

determined using the Brunauer-Emmet-Teller (BET} isotherms obtained from nitrogen 

adsorption on an Accelerated Surface Area and Porosimetry System (ASAP 2020}, 

Micromeritics (Norcross, GA, USA}. Prior to analysis, about 0.3 g portions of samples were 
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degassed overnight at 180 °C, and specific surface areas were derived from N2 gas 

adsorption-desorption isotherms (p/p0 = 0.05-0.20). 

4.4.7 Thermal gravimetric analysis (TGA) 

TGA of the MIP/NIP particles and nanofibers was carried out using a Diamond TG/DTA 

{Perkin-Elmer) analyzer at a heating rate of 10 °C min-1 in a high-purity nitrogen and air 

atmosphere. 

4.4.8 Differential Scanning Calorimetry analysis (DSC) 

DSC analysis of the MIP/NIP particles was carried out using a DSC-60 scanning calorimeter 

{Shimadzu) at a heating rate of 10 °C min-1 in a high-purity nitrogen and air atmosphere. 

4.4.9 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 

ICP-OES analyses were carried out using an iCAP 6000 series Inductively Coupled Plasma

Optical Emission Spectrometer from Thermo Electron Corporation {Cheshire, United 

Kingdom). The ICP-OES was equipped with a cross flow "high solid" pneumatic nebulizer 

fitted to a Scott-type double pass chilled spray chamber. For chloroform introduction, an 

ultrasonic nebulizer U-5000 AT+ {CETAC, Omaha, USA) was used. Table 4.4.8 shows the 

detailed operational conditions of the ICP-OES. 
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Table 4.4.8: Detailed operational conditions of the ICP-OES 

Sample options 

Source 

Analysis maximum 

Integration times (s) 

Calibration mode 

Trailing full flame 

Options 

Nebulizer pump 

RF Power: 

Auxiliary gas: 

Analysis preferences 

Number of repeats: 

Sample flush time: 

Light source: 

Plasma view: 

Low WL Range 

High WL Range 

Concentration 

lntelli-Fiame: 

Max integration time (s): 

WL Range: 

View: 

Source settings 

Flush pump rate (rpm:) 

Analysis pump rate (rpm): 

Pump relaxation time (s): 

Pump tubing type: 

llSOW 

0.5 L/min 

3 

30s 

I CAP 

Axial 

Axial 15 

Axial 5 

Yes 

30 

Low 

Axial 

100 

50 

5 

Tygon 

Orange/white 

4.5 Conductivity, surface tension and viscosity 

Radial 15 

Radial 5 

Conductivity of the solutions was measured using a Mettler Toledo FE 30/EL 30 conductivity 

meter (Polaris, Columbus). The solutions' shear viscosity and surface tension were 

measured using a Brookfield Digital viscometer Model DV-l+(at 5.0 rpm) and a KROSS 

School Tensiometer K6, respectively. 
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4.6 Computer simulation 

All computations were carried out on computers with 2GB RAM memory and 150 GB hard 

disk. Three-dimensional structures were drawn using lnsightll visual interface Accelerys. 

Geometries of all compounds were optimized using the density functional theory (OFT) with 

B3LYP/6-31G(d) hybrid functional implemented in the Gaussian 03 program. 

4.6.1 Design of the pre-polymerization complexes 

In order to understand the properties of MIPs at the molecular level, a model of the 

template-monomers pre-polymerization complexes was set up. In the complexes one 

template molecule is surrounded by five monomer molecules, taking into account the molar 

ratio used in the synthetic procedure. Simultaneously, the proposed relationship should 

allow the formation of as many n:-n: interactions as possible between the monomers and the 

template functional groups. 

The complexation energies 6Ec were calculated using Eq. (4.1) as follows: 

6Ec = Ecomptex - Etemptate - n · Emonomer eqn 4.1 

where Ecomplex = energy of the template-monomers complex, Etemplate = energy of free 

template, Emonomer = energy of free functional monomer, n = number of functional 

monomers in the complex (n=S). 
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4.7 Preparation of MIP particles and molecularly imprinted 

nanofibers 

4.7.1 Preparation of VTPP MIP particles 

For the synthesis of the MIP, a thermal bulk polymerization method was employed with 

styrene and divinyl benzene as the functional and cross linking monomers in the optimal 

ratio, 1:5 respectively, ACC as initiator, VTPP as the template molecule, and chloroform as 

the porogenic solvent. The mixture was stirred and ultrasonicated until all the solids were 

dissolved, and subsequently cooled in an ice water bath (to prevent evaporation). 

Afterwards, the mixture was purged with nitrogen for 5 min and the tube was sealed and 

transferred into a heating/stirring module, heated at 70 °C for 18 h. After the 

polymerization process, the resultant polymer monolith was ground to powder with particle 

sizes of ~ 45 11m in diameter, and then exhaustively washed by refluxing for 14 h with a 

mixture of MeOH and acetic acid for template removal. Thereafter the particle was left to 

dry in open air overnight ready to be used for the batch rebinding experiments. As control, 

NIP was also prepared following the same procedure excluding the use of a template during 

the polymerization process. 

4.7.2 Preparation of NTPP molecularly imprinted electrospun nanofiber 

(MIN) 

For the fabrication of the MIN, poly(ethylene terephthalate)/linear-polyethylenimine 

solution was prepared by adding 1.5 g of PET and 1.5 g of L-PEI to a 2:8 mixture of DCM and 

TFA (v/v) with continuous agitation in a closed vial for 5 h at room temperature. The 
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solution of the MIP containing the cross-linker, monomer, initiator and NTPP as the 

template molecule (for the different NTPP and styrene molar ratio) in chloroform was 

blended into the PET/L-PEI solution and stirred overnight {Table 4.7.2). The resulting 

homogeneous solution was electrospun into nanofiber. The applied voltages used for the 

electrospinning were 12 kV and 15 kV at the needle tip, and the tip-to-collector distance was 

13 em. The electrospun fiber mat was dried under vacuum at room temperature to remove 

traces of solvent and kept in a desiccator until analysis. As a control, non-imprinted 

nanofibers (denoted "NINs") were prepared according to the same procedure but without 

using NTPP as a template. 

Table 4.7.2: Fiber compositions with different NTPP and styrene molar ratios 

Fiber Template:monomer NTPP (mmol) Styrene (mmol) PET (g) L-PEI {g) 

MIN1 1:1 0.48 0.48 1.5 1.5 

MIN2 2:1 0.96 0.48 1.5 1.5 

MIN3 3:1 1.44 0.48 1.5 1.5 

NIN 0.48 1.5 1.5 

4.7.3 Preparation of multiply templated molecularly imprinted electrospun 

nanofiber {NVMIN} 

For the fabrication of the NVMIN, two different template molecules were employed, 

namely, VTPP and NTPP. The PET/L-PEI solutions were prepared in TFA and some mixed 

solvent systems of TFA and another solvent or liquid (i.e., DMSO, DCM, and PEN) in various 

compositional ratios. The solution of the MIP as mentioned in section 5.7.2 and the 
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templates in chloroform was blended into PET /L-PEI solutions and stirred overnight. Non

imprinted nanofibers were prepared following the same procedure without VTPP and NTPP 

as templates. 

4.8 Template removal 

Different methods were employed for the removal of templates from the MIP particles and 

molecularly imprinted electrospun nanofibers. 

4.8.1 Template removal method for VTPP MIP particles 

To remove the template molecule, the MIP particles were exhaustively washed by refluxing 

for 14 h with a mixture of MeOH and acetic acid {90:10, v/v}. The cooled reaction mixture 

was centrifuged and the supernatant liquids were tested until no VTPP template was 

observed to leach from the polymer using a UV-vis spectrophotometer. Then, the polymer 

was washed several times with pure MeOH to remove the acetic acid and facilitate drying. 

4.8.2 Template removal method for molecularly imprinted nanofibers 

The molecularly imprinted nanofibers were immersed into a solvent mixture of MeOH and 

acetic acid for 18 h on a micro-processor controlled orbital platform shaker. Then, the 

nanofibers were removed and the solutions were tested until no templates were observed 

to leach from the fiber using ICP-OES. Then, the nanofibers were washed several times with 

pure MeOH to remove the acetic acid and facilitate drying. 
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4.9 Swelling analysis of the MIP particles 

The solvent swell ratio were evaluated for chloroform, methanol, and acetonitrile based on 

a method by Mashelkar eta/. [172) . Polymer particles (300 mg) with a mesh size of 38-67 

~m were packed in 1 ml solid-phase extraction cartridges Agilent (Santa Clara, CA, USA). 

The cartridges were each then filled with 1 ml of chloroform, methanol and acetonitrile 

respectively. After 6 h equilibration at 20 °C the excess solvent was removed from the 

polymer by applying reduced pressure for 1 min and the weight of the swollen polymer was 

measured. The swelling ratio (Sr) of the polymers was calculated using Eq. 4.2 [173] based 

on the volume of the dry polymer and the volume of the wet polymer: 

volume of swollen polymer 
Swelling ratio (Sr) = l f d l vo ume o ry po ymer 

eqn 4.2 

4.10 Adsorption studies 

Adsorption of VTPP and NTPP by the imprinted sorbents was investigated in chloroform 

solutions. To the vials containing 20 ml of analyte solutions of known concentrations were 

added optimized sorbent mass of 30 mg and stirred for 6 h. The imprinted sorbents were 

filtered off through 0.45 ~m sintered filter using suction. The concentration of the analytes 

left in chloroform solution was then determined using the ICP-OES. Three replicate 

extractions and measurements were performed for each solution. The concentration of 
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analyte adsorbed was taken as the difference between the initial and the equilibrium 

concentrations of the solution. The extraction percentage of the analytes was calculated 

from Eq. 4.3: 

Ct- Cr 
Extraction(%) = x 100 c. L 

eqn 4.3 

where Ci was the initial concentration (mg/L) and Ct was the concentration at adsorption 

equilibrium (mg/L). 

4.11 Desorption and reusability 

Desorption experiments were carried out on the spent sorbents to confirm the adsorbed 

concentrations. To evaluate the reusability of the fibers, 30 mg mass of the adsorbent was 

used repeatedly to adsorb NTPP in 20 ml chloroform solution containing SO mg/L of NTPP at 

room temperature. After each adsorption, the saturated sorbent was desorbed by placing it 

into the mixture of MeOH and acetic acid (90:10, v/v) for 5 min. The fiber was thoroughly 

washed in de-ionized water, filtered through 0.45 IJ.m filter using suction. The regenerated 

sorbent was then dried and subsequently reused for the next adsorption experiment. 

4.12 Evaluation of fiber selectivity 

The evaluation of selectivity of the nanofibers was conducted by immersing the 30 mg of 

the fiber into 20 ml chloroform solutions containing 50 mg/L of both NTPP and VTPP at 

room temperature, respectively. The concentration of the NTPP and VTPP left in chloroform 
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solution was then determined using the ICP-OES. The recognition coefficient (a) was used 

to evaluate the selectivity [174] and could be calculated using Eq. 4.4: 

[S](imprinted) 
<X= 

[S](non- imprinted) 
eqn 4.4 

Where [S]1mprlnted was the analyte binding amount to the imprinted nanofiber (mgg.1), and 

[Slnon·lmprinted was the binding amount to the non-imprinted nanofiber (mgg.1). 

4.13 Analytical quality control procedure 

Certified reference material (CRM) NIST SRM 1634c (Trace Metals in Residual Fuel Oil) 

purchased from National Institute of Standards and Technology (Maryland, USA) was used 

to validate the analytical procedure. Adsorption experiment was carried out using by adding 

an optimal quantity of the imprinted adsorbent (30 mg) in 0.5 ml portions of the certified 

reference fuel oil for 6 h. 10 ml of petroleum ether was added as a diluent, in order to 

reduce the viscosity of the certified fuel oil. The concentration of the metals left in the 

solution was then determined using the ICP-OES. 
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5 
Results and discussion 
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5.1 Theoretical study of template-monomer interactions 

5.1.1 Selection of the functional monomers 

Selection of most suitable functional monomers for a template is critical, in so far as MIP 

preparation is concerned. The MIP development could, however, be better facilitated 

through molecular modelling and a computational approach. In the first step, a virtual 

library of two functional monomers was created and screened for all possible interactions 

between the monomers and the template molecule in the pre-polymerization complexes. 

The chemical structures and optimized conformations of the functional monomers and the 

VTPP template molecule are presented in Figures. S.l.la and S.l.lb, respectively. 

Methyl styrene 

Styrene 

Figure S.l.la: Chemical structures and optimized conformations of the functional 

monomers. 
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Figure S.l.lb: Chemical structure and optimized conformation of the VTPP template. 

5.1.2 Optimized geometry of complexes 

The structures of the optimized prepolymerization complexes {PPC} : VTPP-methylstyrene 

{PPCl), and VTPP-styrene {PPC2} are presented in Figure 5.1.2, and energies of 

complexation are given in Table 5.1.2. 

It can be assumed that the monomer forming the most stable complex with a given 

template would be most suitable for being used to produce MIP with good recogn ition 

properties [175,176]. From the energies analysis {Table 5.1.2}, it could be seen that the 

complex of VTPP with styrene monomer {PPC2) was the most stable, and styrene seems to 

be the most suitable monomer to produce the imprinted sorbent. Hence, styrene was 

selected as the best functional monomer for studies conducted in this thesis. 
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Figure 5.1.2: The most stable complexes between VTPP and methylstyrene (PPCl}, styrene 

(PPC2}. 
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Table 5.1.2: Theoretical optimized complexation energies (AEc) of VTPP with: 

methylstyrene (PPCl), and styrene (PPC2). 

Complexes 

PPCl 

PPC2 

5.1.3 Conclusion 

-66.077 

-66.234 

A computational model based on the combination of molecular dynamics (MD) simulations 

and quantum mechanics was successfu lly applied in the evaluation of the intermolecular 

interactions between VTPP and selected functional monomers. The process was essential in 

selecting the monomer that yielded the optimal interaction with VTPP. 

Based on the conformational analysis outcome as well as the calculated values of 

complexation energy, it was concluded that the interactions between VTPP and the styrene 

monomer were strongest and thus provided more active sites as compared to the 

interactions with methylstyrene functional monomer. 

82 



5.2 Physical characterization and performance evaluation of the 

VTPP prepared MIP particles 

5.2.1 Characterization studies 

Scanning electron microscopy (SEM) was employed to observe the morphological features 

of the particles (Fig 5.2.1.1). From the SEM micrographs, it is obvious that the use of 

chloroform as porogen lead to the formation of nanosponge aggregates that probably could 

be attributed to the fact that the chlorinated porogens resulted in the slight swelling of the 

polymer product. The resulting polymer particles were observed to have irregular and rough 

morphology. Furthermore, the presence of VTPP in pre polymerization mixture had no effect 

on morphology of obtained imprinted particles. 

Figure 5.2.1.1: SEM micrographs of the polymers: {A) MIP and (B) NIP. 
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Figure 5.2.1.2: FT-IR spectra for (A) MIP (before leaching), (B) VTPP-removed imprinted 

polymer (after leaching), and (C) NIP. 

In the imprinting synthesis, the FT-IR spectra confirmed VTPP template molecules to have 

been successfully embedded into the imprinted polymer {see Fig 5.2.1.2). As indicated in 

Figure 5.2.1.2A, extraction with MeOH/acetic acid could provide efficient removal of the 

VTPP template. The characteristic peaks of the VTPP molecule at 1043 and 1210 cm·1 

(spectrum A) disappeared completely after the extraction treatment (spectrum B), and the 

IR spectrum became identical to that of the NIP (spectrum C), which indicated to the 

similarity in the backbone structure. 
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Table 5.2.1: BET surface area of the polymers measured by nitrogen adsorption 

Polymer 

VTPP-removed imprinted polymer 

MIP 

NIP 

176.49 

161.22 

35.83 

MIP is a class of network materials known as microporous polymers [177]. A comparison of 

surface areas of the MIP before and after removal of the template could also confirm 

whether the template was removed from the polymers effectively. However, the 

determination of polymer BET surface area via gas adsorption analysis revealed significant 

differences between all polymers (Table 5.2.1). 

Two observations were immediately drawn from the data. The first one was that the surface 

area of MIP (before leaching the template) exceeded that of the NIP, which supported the 

fact that the MIP had a higher adsorption capacity to VTPP than NIP. The second one was 

that the associated decrease in surface area between the VTPP-removed imprinted polymer 

(after leaching the template) and the MIP (before leaching the template) was with about 

9% difference, implying that template molecules and the unpolymerized residues were 

removed efficiently. The observations further suggested that the template was a surface 

area determinant. 
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Figure 5.2.1.3 shows the TG plots of unleached and leached VTPP imprinted polymer 

particles. TG plots with similar characteristics were obtained for unleached (Figure 5.2.1.3A) 

and leached (Fig 5.2.1.38) polymer particles. However, the TG plots of both polymer 

particles showed that the polymers were stable up to 390 °C, after which the polymers 

degraded until above 480 °C with a weight loss of about 75% for both polymer particles. The 

result also indicated that decomposition occurs at higher temperature, suggesting a high 

level of structural cross-linking. 
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Figure 5.2.1.3: Thermogravimetric analysis of polymers: (A) unleached MIP and (B) 

leached MIP. 
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Differential scanning calorimetry (DSC) measurement of the unleached (Fig 5.2.1.4A) and 

leached (Fig 5.2.1.48) polymer particles revealed that the profile of the melt in both 

particles was very broad. For the unleached MIP, a wide and strong endothermic effect was 

observed in the range of 370-470 °C corresponding to a fusion process of the polymer, and 

thus suggesting a wide range of molecular weight within the sample. It was also noted that 

the endothermic transition for the unleached MIP started around 370 °C, which may be 

related to the melting point shift when a guest molecule is embedded in a polymer cavity 

(178]. 
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Figure 5.2.1.4: Differential scanning calorimetry thermograms of (A) unleached MIP and 

(B) leached MIP. 
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The leached MIP showed an endothermic effect in the range of 380-470 °C and both 

polymer particles exhibited a high melting point (450°C}, a feature that could also be 

attributed to higher level of crosslinking. 

5.2.2 Swelling studies 

The effect of swelling of imprinted polymers on their recognition properties remains 

unclear. The distance between polymer functional groups and their orientation in the 

binding cavity is expected to be swelling dependent, thus resulting in specificity loss when 

immersed in an unsuitable solvent. 

To study the swelling, both the leached MIP and the NIP were measured in chloroform, 

methanol, and acetonitrile respectively. The swell data (Table 5.2.2.) indicated that the non

inclusion of the template molecule in the NIP decreased polymer swelling. Chloroform was 

found to swell the polymers to a higher degree than methanol and acetonitrile. The 

outcome also confirmed that chloroform was indeed the porogen as it was expected to fill 

the pores in accordance with polymerization conditions. 

88 



Table 5.2.2: Solvent swell results in CHCL3, MeOH, and ACN 

Polymer 

MIP 

NIP 

Sr =swelling ratio 

Sr in CHCb 

4.39 (±0.23) 

4.11 (±0.11) 

5.2.3 Adsorption isotherms 

Sr in MeOH 

1.88 (±0.17) 

1.60 (±0.15) 

Sr in ACN 

1.88 (±0.17) 

1.70 (±0.26) 

The adsorption isotherms of the synthesized particles were evaluated with VTPP-chloroform 

solution concentrations ranging from 50 to 400 mgl-1 at room temperature for 12 h, and the 

data is shown in Figure 5.2.3.1. It could be seen and was clearly evident that the capability 

of the MIP to adsorb VTPP was substantially higher than that of the NIP thereby providing 

evidence for the existence of a selective site for VTPP sequestration on the MIP as 

compared to that of the NIP. As the concentration of VTPP was 50.0 mgl-1; the adsorbing 

capacity of MIP particles was 0.259 mgg·1 while that of the nonimprinted polymer particles 

was 0.064 mgg-1. Furthermore, maximum adsorption capacity of MIP (0.600 mgg-1) toward 

VTPP was higher (about 2.14 times that of the NIP) than that of the NIP (0.281 mgg-1). The 

VTPP binding by the NIP could be associated with the presence of nonspecific binding due to 

physical adsorption, and due to random interactions of the VTPP molecules with functional 

groups in the polymer matrix. 
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Figure 5.2.3.1: Adsorbing isotherms of VTPP onto MIP and NIP at room temperature for 

12 h. 

Equilibrium data, commonly known as adsorption isotherm, are basic requirements for 

designing of adsorption systems [179]. In this study, the equilibrium data for VTPP onto MIP 

and NIP were evaluated based on the data fit to the Langmuir and Freundlich models (Eq. 

5.1 and 5.2, respectively). 

The adsorption data were fitted with both the Langmuir and Freundlich isotherm models 

(see Table 5.2.3, Figures 5.2.3.2 and 5.2.3.3). The Freundlich model has been applied in the 

adsorption process using noncovalently imprinted polymers [180,181] and Langmuir model 

has been used in describing a monolayer adsorption without adsorbate-adsorbate 

interaction [182] . The Freundlich adsorption isotherm is an empirical one for nonideal 

adsorption on heterogeneous surfaces as well as multilayer adsorption. The calculated 
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Freundlich isotherm constants and the corresponding correlation coefficients for MIP and 

NIP are given in Table 5.2.3. 

Table 5.2.3: Parameters of Freundlich isothermal equation and Langmuir adsorption 

equation for adsorption experimental data 

Isotherm Parameters Value {MIP) Value {NIP) 

Freundlich KF 0.275 0.107 

n 2.747 1.359 
R2 0.9986 0.9808 

Langmuir Om (mgg-1) 0.222 0.059 

Ka (mgL-1 ) 19.250 8.620 
R2 0.8823 0.7110 

The values of the correlation coefficients for MIP {R2 = 0.9986) and NIP {R2 = 0.9808) are 

higher than those obtained when employing the Langmuir model, showing that the 

adsorption in the experiment correlated well with the Freundlich model. The results showed 

that the value of n was greater than unity, indicating that the VTPP was favourably adsorbed 

onto MIP and NIP [182] . 

1 
logQe = logKp + -logCe 

n 

eqn 5.1 

eqn 5.2 

where Ce (mg/L) and Qe(mg/g) are concentration and adsorption amount at equilibrium, 

Om{mg/g) and Ka {mg/L) are the theoretical maximum adsorption capacity and Langmuir 
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equilibrium constant related to the theoretical maximum adsorption capacity and energy of 

adsorption, respectively. KF and n are the Freundlich constants, which are indicators of 

adsorption capacity and adsorption intensity. 
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Figure 5.2.3.2: langmuir isotherm of VTPP adsorbed onto MIP and NIP. 
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Figure 5.2.3.3: Freundlich isotherm of VTPP adsorbed onto MIP and NIP. 

The magnitude of adsorption constant indicates easy uptake of VTPP from the chloroform 

solution. However, it could be concluded that the Freundlich isotherm model was more 

suitable for the experimental data than Langmuir isotherm as the high value of the 

correlation coefficient, suggested that the adsorption of VTPP on MIP to be a multiple layer 

adsorption. 
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5.2.4 Regeneration of the MIP sorbent 

The regeneration of adsorbent was crucial for improving industrial efficiency at low costs. To 

test for the reusability of adsorbent, the MIP was reused for its adsorption efficiency seven 

times in 400 mg/L solution of VTPP, and the results are presented in Figure 5.2.4. Afte r 

seven adsorption cycles, the results manifested that the MIP could be used repeatedly at 

least seven times without decreasing its adsorption efficiency. 
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Figure 5.2.4: Bounding amount of the MIP for VTPP in seven consecutive binding

regeneration cycles. 
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5.2.5 Method validation 

The developed method for removal of VTPP from organic media was validated by analysing 

a custom solution of a certified reference material (CRM) NIST, SRM 1634c, Trace Metals in 

Residual Fuel Oil, and the concentration of VTPP in the CRM was found to be 28.49 mgkg-t, 

which was comparable with the certified value of 28.19 mgkg-1. 

The results showed that the value obtained from the method is within the error of the 

standard reference material. It may be concluded from the results that styrene based 

molecularly imprinted polymer can be effectively used for the specific removal of VTPP from 

fuel oil. 

5.2.6 Conclusion 

In this work, a robust molecularly imprinted polymer synthesized by the nonconvalent 

method using VTPP as template and its molecular recognition properties was studied. The 

MIP was applied as selective sorbent for the template molecule, which proved that 

recognition ability can be ascribed to the imprinting process. Moreover, the adsorption 

isotherm studies indicated that the Freundlich model was better suited to describe the 

adsorption of VTPP onto MIP than Langmuir model. The suitability was reflected by the 

higher correlation coefficient, suggesting that the adsorption of VTPP on MIP is a multiple 

layer process. In addition, MIP exhibited excellent reusability. However, some binding sites 

in MIPs are embedded in the inner helices of the particles. Thus, imprinted sorbent with 

much larger surface areas such as nanofibers are urgently needed . 
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5.3 Molecularly imprinted NTPP electrospun nanofibers 

5.3.1 Characterization of nanofibers 

The morphologies of the NTPP-imprinted composite nanofibers that were imprinted with 

various quantities of NTPP (see Table 4.7.2) at two different applied voltages and were 

obtained by electrospinning at either 12 or 15 kV are shown in Figures 5.3.1.1 and 5.3.1.2. It 

is evident from the SEM images in Fig. 5.3.1.1 that the composite nanofibers obta ined at 12 

kV were not tight. It should also be noted that beads were present on the surfaces of the 

composite nanofibers, particularly those with lower NTPP contents (such as 320 and 645 

mg), and a ribbon-like nanofiber was observed when higher NTPP contents were employed. 

Ribbon-like nanofibers may have formed due to rapid solvent vaporization from the surface 

of the jet. The poor morphologies of the nanofibers obtained using low NTPP contents were 

a result of the low solution viscosity. It is well known that the electrospinning solution 

concentration is one of the most important parameters, as it is strongly related to the 

overall viscosity [183]. 

The NTPP-imprinted composite nanofibers electrospun at 15 kV (Fig. 5.3.1.2) had a 

comparatively smooth surface morphology. However, the results indicated that when the 

applied voltage was 12 kV, the electric field was not strong enough to provide the 

electrostatic repulsion required to balance the surface tension, so the jet was not stable and 

the resulting nanofibers did not have a smooth surface morphology. Thus, increasing the 

applied voltage (i.e ., increasing the electric field strength) increased the electrostatic 

repulsive force exerted on the fluid jet, favouring the stabilization of the jet and the 

formation of smooth fibers. Therefore, the most suitable voltage for electrospinning NTPP-
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imprinted composite nanofibers was 15 kV, and this voltage was used in subsequent 

experiments. 

Figure 5.3.1.1: SEM images of NTPP-imprinted composite nanofibers that were imprinted 

with different NTPP contents: (A} 320 mg (B) 645 mg, and (C) 970 mg. Electrospinning 

voltage: 12 kV. 

97 



Figure 5.3.1.2: SEM images of NTPP-imprinted composite nanofibers that were imprinted 

with different NTPP contents: (A) 320 mg (B) 645 mg, and (C) 970 mg. Electrospinning 

voltage: 15 kV. 
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FTIR spectra of both leached and unleached nanofibers are shown in Figure 5.3.1.3. NTPP 

has a central Ni atom surrounded by four N atoms. The unleached fiber spectrum showed 

peaks at 1660, 1200, 530, and 1600 cm·1 that were attributed to C=C, c-c, Ni-N, and 

conjugated C=N systems, respectively, and these confirmed that the NTPP template 

molecule had been successfully embedded into the imprinted fiber. The spectrum for the 

leached fiber showed two characteristic peaks. The small peak at 985 cm·1 was from C-H 

groups in the vinyl monomers. Ester C-0 groups in the PET backbone gave rise to a strong 

band at 1300 cm·1. On the other hand, the characteristic peaks of the NTPP molecule at 

1200 and 530 cm·1 disappeared completely after extraction. 
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Figure 5.3.1.3: FT-IR spectra for (A) the leached fiber and (B) the unleached fiber. 
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To further confirm that the template had been removed the fiber, microanalysis of both the 

unleached and the leached fibers was performed, because a large quantity of nitrogen was 

introduced during the imprinting process due to the addition of the template. N% = 1.82 for 

the unleached f iber, whereas N% = 0.033 for the leached fiber, and N% = 0.034 in the 

control fiber because the initiator was azobis(cyclohexanecarbonitrile). 
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Figure 5.3.1.4: 13C NMR spectra of the imprinted (bottom) and non-imprinted (top) 

preblending mixtures. 

Comparing the 13C NMR spectra of the preblending mixtures of the molecularly imprinted 

and non-imprinted polymer solutions, differences in the chemical shifts or relative signal 
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intensities were apparent. The exact assignment of the carbons in NTPP is shown in Figure 

5.3.1.4. Two distinct peaks at 6 136.70 and 136.44 ppm were observed, which were 

assigned to the two -C(C=N)C present in NTPP. Moreover, four peaks at around 6 126.55, 

126.34, 125.55, and 124.21 ppm derived from several C=C bonds in NTPP, which in addition 

confirmed that NTPP molecules were well embedded in the imprinted fiber. These 

characteristic peaks were not present in the 13C spectrum of the non-imprinted solution. 

Table 5.3.1: Pore characteristics of the imprinted and non-imprinted fibers 

Porosity parameter 

Specific surface area* (s/g) 
Average pore size$ (A) 
Micropore volumes (cc/g) 

Measurement 

MIN (leached) 

71.630 
22.11 
0.0792 

Specific surface area was calculated using t he BET method. 

$Average pore size and micropore volume was calculated using the BJH method. 

NIN 

29.095 
32.42 
0.0472 

The exceptionally porous nature of the unwoven nanofiber produced via electrospinning was 

an important factor as it could change the surface area of the material and thus increase its 

capacity to remove NTPP from organic matrices. Table 5.3.1 shows the pore characteristics of 

the imprinted and non-imprinted fibers. BET analysis showed that the MIN and NIN sorbent 

materials had average pore diameters of 22.11 and 32.42 A, respectively. Measurements 

revealed that the surface area of the imprinted fiber was much higher than that of the non-

imprinted fiber (by about 59%), thus confirming the formation of recognition sites on the 

imprinted fiber. It should also be noted that the micropore volume did not differ between the 

imprinted and non-imprinted fibers, and thus confirmed that both fibers were prepared in 

polar solvents. 
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Thermogravimetric analysis is useful for obtaining addit ional information on the relative 

thermal stability of a fiber. TG thermograms of the pure PET/L-PEI and MIN nanofibers are 

show n in Figure 5.3.1.5. For the pure PET/ L-PEI nanofiber, t he curve shows that the material 

loses 5 % of its weight in moisture up to 150 °C, and then loses about 88 wt% by 460 °C and 

is completely decomposed above 600 °C. For the MIN, the composite fiber degraded in 

three major steps. The first step involved a more pronounced weight loss {14 wt%) when 

compared to that of the pure PET/L-PEI (5 wt%) in the range 100-150 °C, which can be 

ascribed to the loss of physically adsorbed water. The second weight loss was due to ester 

bond decomposition and the degradation of PET side chains between 260 and 325 °C. The 

f inal step occurred above 500 °C due to further decomposition of the PET main chain. 
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Figure 5.3.1.5: TG curves of (A) the pure PET/L-PEI nanofiber and (B) MIN. 
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5.3.2 Recognition properties of NTPP-imprinted nanofibers 

To explore the recognition properties of NTPP-imprinted fibers, was varied the ratio of 

template to monomer used during MIN creation (see Table 4.7.2). All of the fiber 

composites (MIN1, MIN2, MIN3) displayed selective recognition towards the template 

molecule (Figure 5.3.2). All of the imprinted fibers displayed greater binding capacities 

towards the template molecule with a fiber mass of 30 mg. It is known that to achieve very 

good imprinting, the template to functional monomer ratio should be 1:6 [184]. 
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Figure 5.3.2: Analysis of the rebinding of NTPP-imprinted fibers and the non-imprinted 

fiber with NTPP 
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It is worth noting that the NTPP adsorption capacity increased as the molar ratio of NTPP to 

styrene was increased from 1:1 to 3:1. The ratio of template to functional monomer that 

yielded the best specific affinity and the highest recovery (99.9%) was 3:1. 

On the other hand, the observation may be attributed to the fact that an increase in 

template molar ratio leads to an increase in the number of recognition sites on the 

imprinted sorbent material. In addition, it could be attributed to the presence of L-PEI 

(support material), which is known to exhibit a strong affinity for heavy metals, and thus 

plays a significant role in controlling the adsorption. 

To try to gain insight into the performance of the MIN as compared to that of the control 

fiber, a NIN was also prepared. According to the results obtained, the NTPP adsorption 

capacity of the MIN was much higher than that of the NIN, which was due to the shape of 

the cavities in the MIN, which closely matched the structure of NTPP. When the mass of the 

fiber was 10, 20, or 30 mg, 40.4, 60.2, or 99.9 %, respectively, of the NTPP was bound by the 

MIN without overloading the active sites. The corresponding values for the NIN, were 12, 

15, and 18 %, respectively. Thus, imprinting significantly enhanced the binding of NTPP and 

the MIN prepared in the presence of NTPP efficiently and promptly adsorbed NTPP in 

organic media. 
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5.3.3 Reusability studies 

Two important requirements of any sorbent material in addition to selectivity and sensitivity 

are stability and reusability. Studies were conducted to determine if the NTPP bound to the 

MIN could be desorbed/released, and whether the MIN could be reused in a new NTPP 

removal experiment. An MeOH:acetic acid (9:1, v/v) solvent mixture was used as eluent in 

the measurement of the percentage of the NTPP desorbed from the MIN and to evaluate 

the reusability of the MIN. The desorption ratio was found to be high: 99.3 %. In order to 

evaluate the reusability of the MIN, the adsorption-desorption cycle was repeated 11 times 

using the imprinted material. 

Figure 5.3.3 shows that the imprinted fiber was stable for up to nine binding/regeneration 

cycles without observing any decrease in the removal efficiency for NTPP, and the amount 

of NTPP bound by the MIN declined in the tenth cycle. These results indicate that the NTPP

MIN could be used repeatedly nine times without incurring any significant loss in removal 

efficiency. 
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Figure 5.3.3: Amount of NTPP that was adsorbed by the MIN, and the amount 

subsequently desorbed, in each of eleven consecutive adsorption-desorption cycles 

5.3.4 Method validation 

The method developed for removing NTPP from organic media was validated by analysing a 

certified reference material (CRM) NIST, SRM 1634c, Trace Metals in Residual Fuel Oil. The 

concentration of NTPP in the CRM was found to be 17.53 mgkg-1, which was significantly 

comparable with the certified value of 17.54 mgkg-1 . 

The results showed that the amount of NTPP adsorbed from the CRM using the method 

developed was within t he error of the value assigned to the certified reference material. It 

106 



may be concluded from the results presented that the PET/L-PEI-based molecularly 

imprinted nanofiber is well suited to the specific removal of NTPP from fuel oil. 

5.3.5 Conclusion 

The fabrication of molecularly imprinted fibers by an electrospinning technique is a very 

promising approach that could be used in fundamental studies of molecular imprinted 

sorbent materials, as it excludes the need to grind bulk polymeric materials, which leads to 

surfaces with nonspecific binding. In the studies conducted in the investigation, a chemical 

cross-linker was successfully incorporated into a PET /L-PEI solution in order to perform in 

situ cross-linking of imprinted nanofibers. In the process, three different imprinted fibers 

were obtained by varying the quantity of template molecule used during imprinting. The 

results obtained demonstrated that the quantity of template and the type of spinnable 

polymer used are of considerable importance to the success of the imprinted nanofibers. 

The results of this study showed that imprinted PET /L-PEI fibers effectively and reliably 

adsorb NTPP and further showed much more selective adsorption than the corresponding 

non-imprinted fibers. In addition, the PET/L-PEI nanofibers exhibited excellent reusability. 

These observations suggest that the developed technique provides a new path for the 

rational design of imprinted fibers intended for analytical as well as process applications. 

Furthermore, in most of the accounts of molecular imprinting strategies, a single template 

molecule is used to create the specific binding site of the imprinted nanofibers. However, 

imprinting process does not have to be limited to a single template, thus several compounds 

can be imprinted simultaneously. 
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5.4 Multiply templated cross-linked molecularly imprinted 

electrospun nanofibers 

5.4.1 Solution characteristics 

The nickel vanadyl PET /L-PEI solutions in pure TFA were prepared at various concentrations 

ranging from 14% (w/v) to 30% (w/v). Prior to electrospinning the shear viscosity, electrical 

conductivity, and surface tension of the polymer solutions were measured (see Table 5.4.1) . 

The increase in solution concentration could adversely affect the cohesiveness of the 

liquid/air interface, thus leading to the reduction in the surface tension of the solution. On 

the other hand, both the viscosity and electrical conductivity of the solutions were found to 

increase. The increase in the solution viscosity could be explained by the fact that the 

increased polymer mass fraction in the solution led to the increase of the entangled actions 

of the polymer molecule chains, which facilitated the formation of the electrospun 

nanofibers. The increase in the solution electrical conductivity with increasing solution 

concentration could be due to charged species alternating between conducting polymer 

chains resulting from the dissolution of PET /L-PEI in the acidic condition of the solutions 

[185]. 
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Table 5.4.1: Electrical conductivity, viscosity, surface tension and fiber formation of PET/l

PEI in TFA 

Solution Electrical Viscosity (cP) Surface tension Fiber formation 

concentration conductivity (mN.m-1) 

(% w/v) (~S.cm-1 ) 

14 180.6 385 74.90 Beads 

16 191.2 513 74.38 Fused beads 

18 230.4 621 73.85 Beads 

20 241.3 1207 69.63 Fiber and beads 

22 245.2 1475 68.58 Fiber and beads 

24 304.2 1699 66.47 Fiber and beads 

26 315.4 2800 64.36 Fused smooth fiber 

28 332.2 3300 62.94 Fused smooth fiber 

30 594.0 4000 61.19 Smooth fiber 

5.4.2 Effects of a single and mixed-solvent system on the general spinnability 
characteristics of nanofibers 

PET /L-PEI dissolved easily in TFA and formed a clear homogenous solution at room 

temperature without any precipitation and air bubbles, while other liquids such as DMSO, 

DCM and PEN did not. 

The SEM images of electrospun nanofibers with pure TFA are shown in Figure 5.4.2.1. For 

solution concentration less than 18 %, droplet spray occurred with a continuous jet of 

polymer, i.e., spinning was not formed. The jet from low viscosity solutions breaks up into 

droplets due to the lower mass of polymer and lower entanglement density than that 

needed to form a stable jet. With solution concentration between 20 and 24 % w/v, the 

presence of beads was observed. However, the beads completely disappeared and the 

formation of finer and more uniform electrospun fibers were observed as the concentration 
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of the solution was increased to 26, 28 and 30 % w/v. It is believed that the combination of 

the relatively high viscosity of the solution and low dielectric constant of the solvent (8.55) 

improved the morphology of the fiber. 
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Figure 5.4.2.1: SEM images (scale bar = 10 1-1m) showing the morphology of fibers 

electrospun from PET /L-PEI solutions in TFA, at concentration of (A) 14, (B) 16, (C) 18, (D) 

20, (E) 22, (F) 24, (G) 26, (H) 28, and (I) 30 % w/v. (voltage of 15 kV and at a constant 

spinning distance of 13 em). 
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Mixed-Solvent Systems 

Based on the results obtained on the single solvent system, 22 % w/v of the PET /L-PEI 

solution was chosen to further investigate the effect of the mixed-solvent systems because 

the viscosity of the solution at the particular concentration in TFA was high enough to allow 

the formation of fibers with less beads. Another important reason for choosing a 22 % 

concentration was to evaluate if the addition of the second solvent would be able to totally 

suppress the formation of beads 

Trifluoroacetic acid and Dimethyl sulphoxide 

The morphology of the as-prepared fibers from the PET /L-PEI solutions in mixed solvents of 

TFA and DMSO are shown in Figure 5.4.2.2. The DMSO was mixed with TFA to produce the 

mixed solvent at the compositional ratios of 95:5, 93:7, 90:10, and 80:20 v/v (TFA/DMSO), 

respectively. Judging from the high dielectric constant value of the DMSO solvent (46.7), the 

PET /L-PEI solutions in TFA/DMSO should have been readily spinnable. However, it was not 

the case, as the solutions were not spinnable in every ratio prepared. It was observed that, 

upon spinning, the solutions jetted out rather easily, but the ejected streams of the 

solutions did not form into fibers. The most likely explanation might be due to the extremely 

high boiling point of DMSO (189 °C} that caused the ejected streams to remain in the liquid 

form after being deposited on a collective target. 
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Figure 5.4.2.2: SEM images (scale bar = 10 Jlm) showing the morphology of fibers 

electrospun from 22% PET/L-PEI solutions in a solvent mixture between TFA and DMSO 

(A) 95:5, (B) 93:7, (C) 90:10, and (D) 80:20. (voltage of 15 kV and at a constant spinning 

distance of 13 em). 
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Trifluoroacetic acid and Dichloromethane 

The morphology of the as-prepared fibers from the PET/L-PEI solutions in mixed solvents of 

TFA and DCM are shown in Figure 5.4.2.3. The DCM was mixed with TFA to produce the 

mixed solvent at t he compositional ratios of 95:5, 93:7, 90:10, and 80:20 v/v (TFA/ DCM), 

respectively. At 95:5 ratio, a large amount of beaded f iber was obtained. Interestingly, t he 

increase in the quantity of DCM in the solvent mixture increased the thinning of the jet and 

fiber formed appeared to be smaller than those from the solut ion in pure TFA. 

Figure 5.4.2.3: SEM images (scale bar = 10 1-1m) showing the morphology of fibers 

electrospun from 22% PET /L-PEI solutions in a solvent mixture between TFA and DCM (A) 

95:5, (B) 93:7, (C) 90:10, and (D) 80:20. (voltage of 15 kV and at a constant spinning 

distance of 13 em). 
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Trif/uoroacetic acid and Pentane 

The morphology of the as-prepared fibers from the PET/L-PEI solutions in mixed solvents of 

TFA and PEN are in Figure 5.4.2.4. The PEN was mixed with TFA to produce the mixed 

solvent at the compositional ratios of 95:5, 93:7, 90:10, and 80:20 v/v (TFA/PEN), 

respectively. In comparison with PET/L-PEI solutions in TFA, TFA/DMSO, and TFA/DCM, the 

electrospun PET/L-PEI nanofibers using TFA/PEN as mixed solvent were continuous and 

smooth without any beads or droplets on the surface, indicating excellent 

electrospinnability of the PET /L-PEI solutions TFA/PEN mixed solvent. It could be attributed 

to the low boiling point (36.1) and low surface tension (15.48) of PEN solvent. 
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Figure 5.4.2.4: SEM images (scale bar = 10 ~m} showing the morphology of fibers 

electrospun from 22 % PET /L-PEI solutions in a solvent mixture between TFA and PEN (A) 

95:5, (B) 93:7, (C) 90:10, and (D) 80:20. (voltage of 15 kV and at a constant spinning 

distance of 13 em}. 
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5.4.3 Characterization of nanofibers 

In order to obtain more structural information and understand the adsorption mechanism 

of the NVMIN, an energy dispersive X-ray spectrometer (EDS} was used to investigate the 

elemental composition of the imprinted fibers as shown in Figure 5.4.3.1. The EDS detects X-

rays from the sample excited by the highly focused, high-energy primary electron beam 

penetrating into the sample. 

Figure 5.4.3.1: SEM-EDX spectra of imprinted fiber (A) NVMIN (B) NV removed-MIN 
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Comparing EDS images of NVMIN and nickel vanadyl removed-MIN confirmed that signals 

caused by the presence of VTPP and NTPP were clearly observed for NVMIN-containing fiber 

but not for nickel vanadyl removed-MIN which implies complete removal of the templates 

from the imprinted fiber and this is in corroboration with FT-IR study. 
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Figure 5.4.3.2: FT-IR spectra of imprinted fiber (A) NVMIN (B) NV removed-MIN 

FTIR spectra of both NVMIN and NV removed-MIN are shown in Figure 5.4.3.2. FTIR can be 

used to qualitatively identify functional groups that are present in fiber structures. The 

NVMIN imprinted fiber spectrum showed absorption bands at 559, 1013, 1200, 1600 and 

1671 cm·1 that were assigned to Ni-N, V=O, C-N, conjugated C=N, and C=C systems, 
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respectively, and indicated the success of the imprinting process. The spectrum for the NV 

removed-MIN showed a distinct characteristic peak at 701 cm·1 which could be attributed to 

C-H vibration and the peaks of the NTPP and VTPP molecules at 559, 1013 and 1200 cm·1 

disappeared after excessive washing. The observed spectral absorptions implied that all 

template molecules had been completely removed. 

5.4.4 Effect of extraction solvent on adsorption 

There are several variables, such as the type of monomer or the nature of the cross-linker 

and the choice of solvent that affect the adsorption efficacy in terms of capacity, affinity and 

selectivity for the target analytes. Acetonitrile, ethyl acetate, dichloromethane and 

chloroform were selected as solvents to optimize extraction by using 50 mgL-1 NTPP 

standard solution. 

As shown in Figure 5.4.4, the effect of the solvent nature on the adsorption is obvious. NTPP 

adsorbs strongly in chloroform and dichloromethane because both solvents contained more 

oxidizing species with chloroform being the best. However, in ethyl acetate the strength 

decreased and in acetonitrile the adsorption strength was the weakest. In addition, the 

highest extraction percentage achieved in chloroform could be attributed to its low dipole 

moment (ll=l.04), compared to other solvents which have higher dipole moments 

(dichloromethane 1-1=1.60, ethyl acetate ll=1.78, and acetonitrile 1-!=3.92). 
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Figure 5.4.4: Percentage of NTPP adsorption from extraction solvents 

5.4.5 Adsorption of NTPP onto imprinted nanofibers 

The successful applicat ion of imprinted fibers necessitates the availability of materials with 

appropriate physical properties and selectivity. NTPP binding was studied in an organic 

environment at low concentration level. Figure 5.4.5 showed that the binding capacity was 

varied from 99.3 to 99.9 % at a concentration range from 10 to 50 mgl-1. The result 
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illustrated that the NVMIN showed higher affinity (99 % higher) for NTPP than NIN which 

indicated that the NVMIN contains a lot of specific bind ing sites. 
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Figure 5.4.5: Percentage of rebinding capacity of NVMIN and NIN at different NTPP 

concentrations 

5.4.6 Adsorption selectivity 

Competitive adsorption experiments on NVMIN and NIN were conducted in chloroform 

solution containing NTPP and VTPP, respectively. As shown in Figure 5.4.6, the adsorption 

capacities of NTPP and VTPP to the NVMIN were both 33.3 mgg·t, whereas those to the NIN 

were about 0.8 and 0.8 mgg·1, respectively. Obviously, the adsorption capacities of NTPP 
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and VTPP on the NVMIN were higher than those on the NIN. The recognition coefficients (a) 

of NTPP and VTPP were both 41.6, according to Eq. 4.4. It can be demonstrated that NVMIN 

synthesized for both NTPP and VTPP had the same selectivity specialism for these 

molecules. 

40 ~------------------------------------------~ 

- NVMIN 

30 
c:::=:J NIN 

-~ 
I 
C) 
C) 

20 E -Q) 

0 

10 

0 -'-----------

NTPP VTPP 

Figure 5.4.6: Competitive adsorption of NTPP and VTPP onto NVMIN and NIN 
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5.4.7 Conclusion 

The feasibility of preparing NVMINs using NTPP and VTPP as the mixed-templates for the 

recognition and selective removal of a group of metalloporphyrins from organic media was 

successfully demonstrated. The sorbent exhibited outstanding selectivity and adsorption 

ability for metalloporphyrin group. Solvent effects and their properties on electro

spinnability of the polymer solutions were investigated. The spinnable concentration of the 

polymers in the single solvent system was around 20% and solution concentrations higher 

than 24 % favoured the formation of nanofibers without any beads. 

Among the three modifiers, DCM and PEN helped improve the electrospinnability of the 

polymer solution with PEN being the best modifier, specifically, at all the solvent mixture 

ratios the nanofibers were continuous and smooth without any beads or droplets on the 

surface of the electrospun nanofiber. Adsorption was found to be strongly dependent on 

the extraction solvent. 

It could be concluded that imprinting mixtures of templates simultaneously is a plausible 

approach for producing multi-analyte molecular recognition in complicated samples. 
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6 
Concluding remarks 
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6 Concluding remarks 

The studies conducted in this thesis dealt with development of a new method for selective 

clean-up of metalloporphyrins from organic media through the application of molecular 

imprinting and electrospinning technologies. These technologies have been known for years 

and have vast applications in water and wastewater treatment, as well as many other 

different industries. However, to my knowledge they have never been applied to remove 

heavy metal compounds from fuel oil. The method developed overcomes disadvantages of 

other technologies currently available, with regard to simplicity, selectivity, and 

affordability. 

Based on the studies reported in this work, MIP materials particularly in the form of 

imprinted electrospun nanofibers were shown to be potential competitors to the traditional 

particle based solid phase extraction sorbents for selectivity. It has also been shown that a 

chemical cross-linker could be successfully incorporated into an imprinted nanofibers. In all 

cases, both the MIP and imprinted nanofibers sorbents exhibited outstanding adsorption 

ability for metalloporphyrin group. The imprinted nanofibers could be regenerated and re

used up to nine times without incurring any significant loss in removal efficiency. Regarding 

the extraction of the NTPP, the choice of solvent had a crucial impact on adsorption. It was 

demonstrated that the quantity of template and the type of spinnable polymer used are of 

considerable importance to the success of the imprinted nanofibers. 

The performance of the multiply templated imprinted nanofibers to selectively remove both 

VTPP and NTPP was found to be novel and remarkable. It can be concluded that 

electrospinning-imprinting method is a viable approach based on its simple operation and 

high efficiency. 
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Furthermore, it is recommended that the research results reported in this thesis be used as 

ground information for subsequent research in which styrene based imprinted sorbent will 

be employed in the pilot/full-scale applications. 

This thesis has established that the knowledge and the success of the reactive 

electrospinning technology to produce an imprinted nanofibers provides a new and versatile 

opportunity for the process and application of functional nanomaterials. 
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