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ABSTRACT 

This work explores the synthesis and photophysicochemical properties of zinc 

phthalocyanines when conjugated to cobalt ferrite magnetic nanoparticles. Phthalocyanines 

with amine and carboxylic acid functional groups were synthesised so as to covalently link 

them via amide bonds to cobalt ferrite magnetic nanoparticles with carboxylic acid and amine 

groups, respectively. Spectroscopic and microscopic studies confirmed the formation and 

purity of the phthalocyanine-cobalt ferrite magnetic nanoparticle conjugates which exhibited 

enhanced triplet and singlet quantum yields compared to the phthalocyanines alone. The 

studies showed that the presence of cobalt ferrite nanoparticles significantly lowered 

fluorescence quantum yields and lifetimes. The conjugates not only showed much higher 

singlet oxygen quantum yields compared to the phthalocyanines alone but were also 

attractive because of their magnetic regeneration and hence reusability properties, making 

them appealing for photocatalytic applications. The photocatalytic ability of some of the 

phthalocyanines and their conjugates were then tested based on their photooxidation and 

photoreduction abilities on Methyl Orange and hexavalent chromium, respectively. For 

catalyst support, some of the zinc phthalocyanines, cobalt ferrite magnetic nanoparticles and 

their respective conjugates were successfully incorporated into electrospun polystyrene and 

polyamide-6 fibers.  Spectral characteristics of the functionalized electrospun fibers 

confirmed the incorporation of the photocatalysts and indicated that the phthalocyanines and 

their respective conjuagates remained intact with their integrity maintained within the 

polymeric fiber matrices. The photochemical properties of the complexes were equally 

maintained within the electrospun fibers hence they were applied in the photooxidation of azo 

dyes using Orange G and Methyl Orange as model organic compounds. 
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1. Introduction 

 

The conjugation of nanoparticles with macrocycles such as phthalocyanines often yields a 

new class multi-functional composites with unique photophysicochemical properties and 

hence applications. Herein, various zinc-phthalocyanine derivatives are reported and so is 

their linkage to magnetic nanoparticles (MNPs) (bimetallic cobalt ferrite MNPs (CoFe2O4 

MNPs) to be precise) for enhanced photophysical and photochemical properties. The 

photocatalytic abilities of the composites are evaluated and their incorporation into 

electrospun fibers is also studied and reported herein. 

1.1 Ferrites: Properties and Applications 

Spinel ferrites, with a general formula of MFe2O4, where M represents is a metal cation, are 

magnetic materials, making them attractive for applications in magnetic resonance imaging 

(MRI), electronic devices, and drug delivery [1-3]. Their spinel crystal structures offer 

enhanced efficiency due to the available extra catalytic sites [4]. These MNPs are non-toxic 

and biocompatible, making them popular in the removal of heavy metals, as chemical sensors 

and as pigments amongst others [5-7].  

Ferrites are also a class of popular photocatalysts, they have band gaps of approximately 2 eV 

which enable them to absorb visible light and they possess chemical and thermal stability [4, 

8]. As demonstrated in Figure 1.1, when ferrites are irradiated with light, an electron (e
-
) is 

excited from the valence band (VB) to the conduction band (CB), leaving behind a 

photogenerated hole (h
+
). The generated e

-
 and h

+
 facilitate oxidation and reduction processes 

which are prerequisites for the degradation of water pollutants. The photocatalytic oxidation 

of organic compounds in water has been shown to be achieved by attack with hydroxyl 

radicals (  OH). The process of generating these  OH can occur through two



 

29 

 
 

 

pathways, denoted Route 1 and Route 2 in Figure 1.1.  In the first pathway (Route 1), O2 

present in water is reduced to form O2
.-
, which then reacts with H

+
 to form  OOH. Rapid 

decomposition of  OOH forming  OH then follows. The second pathway (Route 2) involves 

the oxidation of hydroxide ions (OH
-
) from water forming  OH which have the ability to 

completely oxidise organic pollutants [9]. 

  

Figure 1.1: Modified schematic representation of the formation of hydroxyl 

radicals (  OH) which promote photocatalysis by ferrites [9]. 

 

Even though ferrites have been reported to have photocatalytic activity, the addition of 

oxidants such as H2O2 is often required to enhance their reactive oxygen species (ROS) 

production and hence photocatalytic ability. This is because the e
-
/ h

+
 pairs tend to recombine 

quickly, thereby reducing the photocatalytic efficiency of the ferrites [9,10]. The conjugation 
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of ferrites to other photocatalysts including TiO2 has also been reported to remedy this 

[11,12]. In this work however, CoFe2O4 MNPs are conjugated to other known photocatalysts; 

phthalocyanines for the first time for enhanced photocatalytic efficiency. 

1.1.1 Synthesis and Characterisation of ferrites 

Numerous methods have been explored for the synthesis of ferrites, including co-

precipitation,  thermal, sol–gel and citrate methods, as well as solid-state reactions amongst 

others, all of which use Fe(III) and M(II) (M = metal cation) salts as precursors [13-16]. In 

this work the synthesis of ferrites (CoFe2O4 MNPs) is conducted through the co-precipitation 

method wherein the nanoparticles are precipitated from aqueous solution with basic pH in 

which Fe(III) and Co(II) are dispersed [17]. 

The advantage of using these MNPs is that they can be functionalised with different moieties 

making their conjugation to other photocatalysts like phthalocyanines possible. In this work 

the CoFe2O4 MNPs are functionalised with glutathione (-COOH terminal group), succinic 

anhydride (-COOH terminal groups) and (3-aminopropyl)triethoxysilane (-NH2 terminal 

groups). 

1.1.2 Photocatalytic behaviour of cobalt ferrite magnetic nanoparticles 

(CoFe2O4 MNPs)  

 

As shown in Table 1.1 [18-23], the photocatalytic activity of CoFe2O4 MNPs and their 

respective composites has been exploited in numerous applications. Although Fe3O4 MNPs 

have been conjugated to phthalocyanines before, there are no reports on the conjugation of 

bimetallic MNPs with phthalocyanines. This is explored in this work as it has been reported 

that mixed metal MNPs show more catalytic activity compared to the corresponding single 

component metal oxides [24]. 
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Table 1.1: Examples of cobalt ferrite magnetic nanoparticle based composites as 

photocatalysts. 

 

CoFe2O4  based catalyst Application Ref 

CoFe2O4-Fe3O4 nanocomposite Degradation of Methyl Orange 18 

CoFe2O4@SiO2@TiO2 Degradation of  Methylene Blue 19 

CoFe2O4-Graphene nanocomposite Degradation of Methylene Blue 20 

CoFe2O4/oleic acid and Fe3O4/oleic acid Antimicrobial and antifungal activity 21 

Ag-CoFe2O4-GO nanocomposite Antibaterial and Pb (II) removal 22 

CoFe2O4  Water splitting 23 

GO = Graphene oxide 

 

The added advantage of these Pc-MNP conjugates is the magnetic regeneration and hence 

reusability of these generated photocatalysts. When ferrites are used alone as photocatalysts 

or in combination with others, they can be easily separated from reaction mixtures [25,26]. 

 

1.2 Phthalocyanines (Pcs)  

Phthalocyanines (Pcs) are synthetic tetrapyrrolic macrocycles containing four 

iminoisoindoline rings with a conjugated 18  -electron system [27,28]. They are structural 

analogues of other macrocylic pigments such as porphyrins and were first characterized and 

documented by Linstead and co-workers [29]. The central cavity of Pcs can accommodate 

numerous metals or metalloids thereby offering the advantage of designing a wide range of 

chemical structures having different properties and hence applications [30].  

Pcs have attractive properties such as excellent visible/near infrared absorption, high 

chemical and thermal stability and the ability of generate singlet oxygen [31-33]. These 
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properties make Pcs good candidates for numerous applications including in electrochemical 

sensors, photodynamic therapy, dye sensitised solar cells (DSSC), and photocatalysis [34-37]. 

1.2.1 Structure and synthetic methods 

The Pc ring can be easily modified allowing for attachment of substituents either on the α-

position (non-peripheral) or β-position (peripheral). According to nomenclature of 

tetrapyrroles [38], α-substituents are positioned at the 1, 4, 8, 11, 15, 18, 22, and 25 positions 

on the Pc ring, while β-substituents are located at the 2, 3, 9, 10, 16, 17, 23, and 24 positions 

on the Pc ring; Figure 1.2. The attachment of different types of substituents at these positions 

affects some properties of Pcs including solubility and aggregation [39,40]. 

 

 

Figure 1.2: The structures of (i) an unmetallated phthalocyanine (H2Pc) and (ii) a 

metallophthalocyanine (MPc). 

Various routes have been reported for the synthesis of Pcs, all of which depend on the type of 

the desired Pc, whether metallated or metal free (Figure 1.2), symmetrical or unsymmetrical.  

 

 

β 

α 
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1.2.1.1  Synthesis of Symmetrical Tetrasubstitued Phthalocyanines 

Synthesis of symmetrical Pcs can be achieved by cyclotetramerization of phthalonitrile 

precursors in the presence of a metal salt (in the case of metallophthalocyanines), a base such 

as 1,8-diazabicycloundec-7ene (DBU) or dimethylaminoethanol (DMAE) and a high boiling 

point solvent such as quinoline and 1-pentanol [28,41].  

The cyclotetramerization of a mono-substituted phthalonitrile; Scheme 1.1, gives a mixture 

of isomers with the molecular symmetry of C4h, C2v, Cs and D2h. Although time consuming, 

these isomers have been reported to be separable, even more so with the use of a specifically 

designed high performance liquid chromatographic column [42,43]. 

 

 

 

Scheme 1.1: Synthesis of tetrasubstituted metallophathlocyanines from monosubstituted 

phthalonitriles at (i) non-peripheral (α) and (ii) peripheral (β) positions. 
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1.2.1.2 Synthesis of Unsymmetrical Phthalocyanines 

Various methods have been reported for the synthesis of unsymmetrically substituted Pcs 

including the use of sub-phthalocyanine routes [44,45] and the conventional statistical mixed 

condensations of dinitriles [46,47]. The statistical condensation approach was implemented 

for the synthesis of AAAB or ABBB unsymmetrical Pcs in this work. This method requires 

two differently substituted phthalonitriles which upon cyclising in the presence of a metal salt 

give six possible constitutional isomers with varying percentage yields, Scheme 1.2 [48]. The 

desired AAAB or ABBB Pcs are then separated using chromatography. 

 

Scheme 1.2: Methods for the synthesis of unsymmetrical phthalocyanines by the statistical 

condensation method [48] 
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1.2.2 Electronic Absorption Spectra of Pcs 

Phthalocyanines have distinct absorption spectra which are influenced by numerous factors 

including the presence or absence of a central metal ion, the nature of the substituents, 

solvents and aggregation tendencies. Phthalocyanines consist of two major absorption bands, 

the Q band in the near infrared region and a weaker absorption band towards the ultraviolet 

region of the spectrum called the B band [49,50]. Metallated Pcs have a single Q band while 

metal free Pcs (H2Pc) have a split Q band due to the low symmetry associated with them, 

Figure 1.3 [30]. The Q band is accompanied by one or two weak vibronic bands (Qvib) and 

the B band consists of B1 and B2 bands.  

 

Figure 1.3: Electronic absorption spectra of: (i) H2Pc and (ii) MPc. 

Gouterman‟s four orbital model explains the origin of the B1 and B2 bands as transitions from 

the a2u and b2u to the eg orbitals respectively, Figure 1.4. For MPcs the degeneracy in the 

lowest unoccupied molecular orbitals (LUMOs) is maintained due to their D4h symmetry 

while in H2Pcs, the degeneracy is broken down due to their low symmetry (D2h), Figure 1.4.  
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In MPcs, the Q band is therefore a result of the excitation from the ground state a1u highest 

occupied molecular orbital (HOMO) to the eg LUMO, Figure 1.4 [51-53]. The observed split 

in the Q band for H2Pcs (denoted Qx and Qy on Figure 1.4) on the other hand arises from 

transitions from the a1u HOMO to the b2g and b3g LUMO respectively [54].  

 

 

  

 

 

 

 

 

 

 

Figure 1.4: Electronic energy levels in Pc complexes showing the origin of the Q and B 

bands 

1.2.3 Phthalocyanines synthesized in this thesis 

The Pcs used in this work are shown in Table 1.2 and they were all chosen based on them 

having substituents that would complement those on the CoFe2O4 MNPs and hence enable 

the formation of amide bonds between the two photocatalysts. Since CoFe2O4 MNPs with 

amine and carboxylic acid functionalization were synthesised, Pcs with carboxylic acid and 

amine functionalization respectively were also synthesised. The effect of the spacer or chain 
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length between the Pcs and their respective MNPs on their photophysics and hence 

photocatalysis was studied for the first time in this work.  

The photophysical and photochemical properties of Pcs are also influenced by the presence 

and nature of the central metal ion. Zinc Pcs have been reported to have high triplet and 

singlet oxygen quantum yields and are thus good photocatalysts [55-57]; hence all the Pcs 

used in this work have a Zn
2+

 central metal ion, Table 1.2. Complexes 1-4 and 7 are known 

[58-63] while 5 and 6 are new, however it is the first time that any of these Pcs have been 

conjugated to bimetallic CoFe2O4 MNPs and applied in the photodegradation of pollutants. It 

is also the first time that the photophysicochemical properties of complexes 3 and 4 have 

been reported. The conjugation of an unsymmetrical Pc to Fe3O4 MNPs and the use of the 

conjugate for inactivation of bacteria has been reported [64]. In this work however, the 

conjugation of an unsymmetrical Pc (complex 6) to CoFe2O4 MNPs is explored for the first 

time and so is its application in the degradation of water pollutants.  
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Table 1.2: Phthalocyanine complexes used in this thesis. 

Phthalocyanine Name and Study conducted   Complex 

  

 

 

Zinc tetracarboxyphenoxy phthalocyanine  

Study: Photophysics when the Pc is conjugated to amine 

functionalised CoFe2O4 MNPs and its photooxidising 

ability on azo dyes when electrospun in fibers. 

1 

[58] 

 

Zinc tetraaminophenoxy phthalocyanine  

Study: Photophysics when the Pc is conjugated to 

carboxylic acid functionalised CoFe2O4 MNPs, phot 

oreduction ability on Cr(VI) and photooxidising ability on 

azo dyes when electrospun in fibers.  

2 

[59, 60] 

 

 

R = COOCH3  

2,10,16,24–Tetrakis dimethyl 5-(phenoxy)-isophthalate 

phthalocyaninato] zinc (II) 

Study: Photophysicochemical properties 

3 

[61] 

R = COOH 

2(3),9(10),16(17),23(24)–Tetra 5-(phenoxy)-isophthalic 

acid phthalocyaninato zinc (II) 

Study: Photophysics before and after conjugation to amine 

functionalised CoFe2O4 MNPs and photooxidising ability 

on azo dyes when electrospun in fibers. 

4 

[62] 
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R = COOCH3 

2-[dimethyl 5-(phenoxy)-isophthalate)] 9(10), 16(17)  

23(24)-tri-tert-butyl phthalocyaninato zinc (II) 

 

Study: Photophysicochemical properties 

5 

NEW 

R = COOH 

2-[5-(phenoxy)-isophthalic acid] 9(10), 16(17), 23(24)-tri 

-tert-butyl phthalocyaninato zinc (II) 

 

Study: Photophysics before and after conjugation to amine 

functionalised CoFe2O4 MNPs and photooxidising ability 

on azo dyes when electrospun in fibers. 

6 

NEW 

 

2(3),9(10),16(17),23(24)-Tetrakis-(4’-(4’-6’-

diaminopyrimidin-2’-ylthio)))  phthalocyaninato zinc 

(II)   

 

Study: Photophysics when the Pc in conjugated to 

carboxylic acid functionalised CoFe2O4 MNPs and 

photocatalysis on Methyl Orange  and Cr(VI). 

7 

[63] 
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1.2.4 Photocatalytic behaviour of Pcs 

Photocatalysis entails the degradation of molecules using light in the presence of a 

photosensitiser. Phthalocyanines have been reported as efficient photosensitisers as they 

absorb visible/ near infrared light and have the ability to produce  reactive oxygen species 

(ROS) which readily degrade pollutants [65,66]. 

Various photoinduced processes need to occur in order for the Pcs to exhibit photocatalytic 

activity towards pollutants and these are shown in Figure 1.5. When a Pc absorbs light of 

appropriate wavelength, it is excited from the ground state (S0) to the first singlet excited 

state (S1). The excited Pc can then dissipate energy either by fluorescence back to the ground 

state (S0) or by intersystem crossing (ISC) to the excited triplet state (T1) [67]. The triplet 

state (T1) has a longer lifetime (µs) than that of the excited singlet state (S1) (ns), enabling the 

Pc in the triplet excited state to react with molecular oxygen in two different ways; Type I 

and Type II shown in Figure 1.5 [68]. 

In the Type I mechanism  (Figure 1.5), the Pc in the excited triplet state (
3
Pc

*
) transfers an 

electron to molecular oxygen (
3
O2) generating cytotoxic radicals and ROS including hydroxyl 

radicals (  OH), peroxides (H2O2) and hydroxide ions (OH
-
) [68]. It is these ROS which have 

the ability to readily degrade organic pollutants. 

In the Type II mechanism; Figure 1.5, the Pc in triplet excited state (
3
Pc*) transfers energy to 

molecular oxygen (
3
O2) thereby generating singlet oxygen (

1
O2) [68]. The singlet oxygen 

then reacts with the organic pollutants to yield the degradation products. 
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Figure 1.5: Modified Jablonski diagram showing the major photophysical processes that 

occur in Pcs. 

Since it is the singlet oxygen amongst other species that is responsible for the photocatalytic 

ability of Pcs, the enhancement of its production is conducted in this work for improved 

photocatalysis. It has been reported that the conjugation of Pcs to nanoparticles including 

MNPs enhances the photophysics and hence photocatalytic ability of the Pcs. This is due to 

the heavy atom effect that the nanoparticles possess which enhances ISC, results in enhanced 

singlet oxygen production and hence photocatalytic activity [69,70]. In this work, the 

conjugation of Pcs to CoFe2O4 MNPs is explored for the first time for enhanced singlet 

oxygen production and hence photocatalysis.  

𝚽  

𝚽𝐅 𝚽𝐓 
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The photocatalytic activities of the Pc-CoFe2O4 MNP conjugates reported herein are tested 

based on their ability to facilitate both photooxidation of organic pollutants and 

photoreduction of heavy metals, using azo dyes and hexavalent chromium as models 

respectively. 

As shown in Table 1.3 [69-79], the photoxidation of various organic pollutants has been 

achieved using Pc based photocatalysts before. However in this work the phooxidation of 

toxic organic pollutants is attempted for the first time using a composite of two 

photocatalysts; Pcs and CoFe2O4 MNPs. Table 1.3 [80-82] also shows that the 

photoreduction of Cr(VI) using Pc based photcatalysts has also been reported before. In this 

work, the photoreduction ability of Pc-CoFe2O4 MNP conjugates is tested for the first time 

wherein the electrons in the conduction band and LUMO of CoFe2O4 MNPs and Pcs 

respectively are utilised to facilitate the photoreduction of hexavalent chromium. The 

simultaneous photooxidation and photoreduction ability of these conjugates is also explored 

in this work for the first time. 
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Table 1.3: Photocatalytic activity of phthalocyanine based photocatalysts 

 

Photocatalyst Support Pollutants Ref 

Zinc tetracarboxyphenoxy phthalocyanine Gd2O3/Polyamide-6 Orange G 69 

ZnOCPc Fe3O4 Orange G 70 

Iron tetrasulfophthalocyanine - Rhodamine B (RhB), 

Salicylic acid, and 

Orange II 

71 

Zinc tetracarboxyphenoxy phthalocyanine Gd2O3 Orange G 72 

 

Iron (III) tetracarboxyphthalocyanine 

 

TiO2 

methylene blue, neutral 

red, rhodamine B, acid 

red, malachite green 

73 

Zinc phthalocyanine complexes - 4-nitrophenol 74 

Zinc(II) and Aluminium (III) mono- and 

polynuclear phthalocyanines 

- Phenols 75 

ZnOCPc Fe3O4/ Electrospun 

Polyamide-6 

Orange G 76 

Lutetium tetraphenoxy phthalocyanine Electrospun 

Polystyrene 

4-Chlorophenol 77 

TCbZnPc–ZnOMPs and TCbZnPc–AgNPs Electrospun 

Polystyrene 

Rhodamine-6G 78 

Lutetium acetate tetrea-2-2pyridiloxy 

phthalocyanine 

Electrospun 

Polystyrene 

4-nitrophenol 79 

HATCPc  TiO2 Cr(VI) 80 
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Copper(II) phthalocyanine TiO2 Cr(VI) 81 

H2 phthalocyanines TiO2 Cr(VI) 82 

ZnOCPc = Zinc octacarboxy phthalocyanine, TCbZnPc-ZnOMPs = 2,(3)-

tetra(carbazol-2-yloxy)phthalocyaninato zinc(II)-Zinc Oxide Macro Particles,  AgNPs =  

Silver Nanoparticles, HATCPc = Hydroxoaluminium-tricarboxymonoamide 

phthalocyanine, H2 = metal free azomethine-bridged phenolic phthalocyanines 

 

1.3 Electrospinning 

1.3.1 Introduction to Electrospinning 

Phthalocyanines have been anchored in various support systems during photocatalysis 

including on amberlite [83], TiO2 [84], polydivinylbenzene [85] and silica [86] amongst 

others. In this work the use electrospun fibers to anchor Pcs, CoFe2O4 MNPs and their 

respective conjugates is explored.  The electrospinning technique was developed in 1934 by 

Forhals [87]. This is a technique that generates fibers with diameters in the micro and 

nanometer scale with a general setup as shown in Figure 1.6.  

The basic electrospinning components include a high voltage source, a ground/rotating 

collector (which is an electrical conductor) and a spinneret. Basically, a high voltage is 

applied to a polymer fluid which is fed through the spinneret with the help of the syringe 

pump. The discharged polymer solution undergoes a whipping wherein the solvent 

evaporates and the stretched polymer fibers deposit on the collector [88, 89].  
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Figure 1.6: Schematic diagram of electrospinning setup [88]. 

 

1.3.2 Optimization of Electrospinning 

Nanofibers with different morphologies and diameters can be obtained by varying certain 

paramaters including: 

 intrinsic properties of the polymer solution such as the type of polymer, solution 

viscosity, and solvent volatility 

 processing parameters including the strength of the applied electric field, solution 

flow rate, and tip to collector distance (TCD) [90-92].  

In addition, variables such as humidity and temperature of the surroundings may also 

determine the morphology and diameter of electrospun fibers [88].  

Experimental investigations have drawn general relationships between these parameters and 

fiber morphology. For instance, a higher voltage has been observed to lead to larger fiber 

diameters, a trend that is not necessarily monotonic. It has also been observed that the more 

viscous the polymer solution, the larger the fiber diameter [88]. 
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1.3.3 Properties and Applications of electrospun fibers  

Electrospinning is a promising technique for the incorporation of functional molecules such 

as Pcs into solid polymer supports. Electrospun fibers, due to their smaller pores, long length 

and higher surface areas are successfully used in various fields including tissue engineering 

scaffolds, protective clothing, filtration, and nanocatalysis amongst others [93-95].  

As shown in Table 1.3 [69,76-79], symmetrical Pc based photocalysts have been embedded 

in electrospun fibers before and used in the phodegradation of various pollutants.  In this 

work, Pc-CoFe2O4 MNP conjugates are immobalised in electrospun polystyrene and 

polyamide-6 followed by application in the photodegradation of azo dyes; Orange G (OG) 

and Methyl Orange (MO) for the first time. In addition, this work studies the photocatalytic 

activity of an electrospun unsymmetrical Pc and its relative Pc-CoFe2O4 MNP conjugate for 

the first time. This is done as asymmetry in Pcs is known to improve their triplet state 

parameters [96] and hence photocatalysis. 

The advantage of incorporating the photocatalysts reported in this work in the electrospun 

fibers is that catalyst recovery is ensured by both the magnetic nature of the nanoparticles and 

by the use of the electrospun fibers. This ensures catalyst regeneration and hence reusability 

as well as cost effectiveness.  In addition, embedding the photocatalysts in the fibers also 

ensures that they are protected from degradation and do not leach into the water, thereby 

further polluting it.  

 1.4 Background on water pollutants used in this thesis 

Since wastewaters contain various kinds of pollutants including organic and inorganic 

compounds amongst others, this work seeks to diminish the toxicity associated with such 

pollutants. The treatment of both organic and inorganic pollutants is studied, using azo dyes 

and hexavalent chromium as model compounds, respectively.  
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1.4.1 Azo dyes 

Azo dyes are synthetic dyes which are widely used in various fields including textile, tannery 

and cosmetic industries as well as paper printing amongst others [97-100]. They are water-

soluble dyes possessing the characteristic azo (-N=N-) bond and are poorly biodegradable 

[100]. The azo bond determines the color of the dyes and is the most reactive moiety, usually 

undergoing oxidation leading to fading of the color of the dye solution upon degradation 

[101].  The complete degradation of azo dyes is however difficult due to their complex 

structures [102]. These dyes have also been reported to compromise aquatic life, they are 

carcinogenic and potential genotoxic agents, hence the importance of devising means for 

effectively degrading them [103-105].   

Various techniques including filtration, coagulation, precipitation, adsorption and ion 

exchange have been reported for the removal of azo dyes [106-109]. These methods however 

merely change the dye from one phase to another and are not destructive, making treatment 

of azo dyes costly due to the required retreatment [110,111], hence alternative methods are 

required. Photocatalytic oxidation, an efficient advanced oxidative process (AOP) is reported 

here wherein the decomposition of azo dyes; MO and OG is conducted in a short reaction 

time. 

1.4.2 Hexavalent Chromium (Cr(VI)) 

Chromium commonly occurs in two oxidation states; Cr(III) and Cr(VI) [112]. Hexavalent 

chromium (Cr(VI)) is approximately 100 times more toxic than trivalent chromium (Cr(III)) 

and has been reported to be carcinogenic amongst other things [113,114]. Cr(III) is relatively 

nontoxic because it is not well absorbed into the body, and even when it is absorbed, it enters 

the cell poorly [115]. Cr(VI) on the other hand is extremely toxic, at physiological pH it 

exists as an oxyanion with an overall charge of -2 (CrO4
2-

), structurally resembling phosphate 
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(PO4
2-

) and sulfate (SO4
2-

) and is therefore efficiently transported into all cells in the place of 

these anions [116]. Intracellularly, the reduction of Cr(VI) to Cr(III) occurs which then 

ultimately interacts with the DNA, leading to neoplastic transformation of cells and 

ultimately causing cancer [117]. 

Not only is Cr(III) significantly less toxic,  it is readily removable by alkaline precipitation 

[118]. Methods commonly used to treat wastewater containing Cr(VI) include adsorption 

[119] and ion exchange [120]. In this thesis, the focus is on the use of Pc-MNP conjugates as 

photocatalysts in the photoreduction of Cr(VI) to Cr (III). Removal of Cr(VI) by adsorption 

on CoFe2O4 MNPs has been reported but only in the presence of other compounds such as 

Mg-Al layered double hydroxides (LDHs) [121]. The photocatalytic reduction of Cr(VI) to 

Cr (III) in the presence of Fe2O3 MNPs has also been reported through the formation of e
-
/ h

+
 

pairs of the latter [122]. 

It has been reported that the reduction of Cr(VI) to Cr(III) is accelerated in the presence of 

sacrificial donors such as 4-chlorophenol [80] which prevent the re-oxidation of Cr(III) to 

Cr(VI). In this work, in addition to studying the photodegradation of MO and OG, MO is also 

used as a sacrificial electron donor during the photoreduction of Cr(VI). In the presence of 

MO, the oxidation of Cr(III) to Cr(VI) is suppressed since MO acts as a sacrificial molecule 

and its photooxidation is promoted.  

1.5  Photophysical Parameters 

The major photophysical transitions that occur when Pcs are irradiated with light for 

photocatalytic applications;  fluorescence, ISC to the excited triplet state as well as the 

quantity of singlet oxygen produced are all measurable and are denoted   ,  , and    in 

Figure 1.5. 
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1.5.1 Fluorescence Quantum Yields      and Flourescence Lifetimes (F) 

The fluorescence quantum yield (ΦF) expresses the proportion of excited molecules that 

undergo relaxation back to the ground state by fluorescence [123].  

 

Fluorescence quantum yield (ΦF) may be determined by the comparative method [123] using 

Equation 1.1: 

2

StdStd

2

Std

)(F

nΑ  F

n Α F
StdF

     1.1 

 

where F and Fstd are the areas under the fluorescence curve of the Pcs and standard 

respectively. A and Astd are the absorbance values of the sample and standard at the excitation 

wavelength, while n and nstd are the refractive indices of the solvents used for the preparation 

of the sample and standard solutions, respectively. ΦF(Std)  is the fluorescence quantum yield 

of the standard in a particular solvent. The commonly used standard is unsubstituted zinc Pc 

(ZnPc). 

 

Fluorescence lifetime on the other hand shows the average time an excited molecule stays in 

the excited state before losing all its energy by fluorescence. It is directly proportional to the 

fluorescence quantum yield and is usually in the order of nanosecond. Several methods have 

been reported for the determination of fluorescence lifetimes [124,125]. In this work 

however, time-correlated single photon counting (TCSPC) is used [126]. 
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1.5.2 Triplet Quantum Yields      and Triplet Lifetimes (T) 

The triplet quantum yield (ΦT) is the fraction of species that undergo radiationless decay from 

the excited singlet state to the triplet state [127].  Triplet lifetime is the amount of time it 

takes for the excited triplet state to be depopulated by either transferring energy to molecular 

oxygen or losing energy by phosphorescence. In this work, the triplet lifetimes were 

determined by exponential fitting of the kinetic curve using ORIGIN 8 Software. 

The triplet quantum yields of the Pcs used in this work were determined using a comparative 

method [128] as shown in Equation 1.2; wherein unsubstituted zinc Pc (ZnPc) was used as a 

standard: 

T

Std

T

Std

TTStd

TT

εΔΑ

εΔΑ


     1.2 

where TΔΑ  and Std

TΔΑ  are the changes in the triplet state absorptions of the synthesized Pcs 

and standard, respectively. Std

T  is the triplet state quantum yield for the standard. Tε  and Std

Tε  

are the triplet state extinction coefficients for the synthesized Pcs and the standard, 

respectively and are determined using Equations 1.3 and 1.4 respectively: 

S

T
ST

A

ΔΑ


 

     1.3 

Std

S

T
ST

A

ΔΑ




Std
StdStd 

     1.4 

 

 where Sε and Std

Sε are ground state molar extinction coefficients of the samples and standard, 

respectively while SΔΑ  and Std

SΔΑ are changes in the ground state absorptions of the 

synthesized Pcs and standard, respectively. 
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1.5.3 Singlet Oxygen Quantum Yields (  ) 

The singlet oxygen quantum yield (Φ∆) can be defined as the amount of singlet oxygen that is 

obtained per photon of light that is absorbed by the Pcs. Singlet oxygen (
1
O2), a metastable 

state of molecular oxygen (
3
O2) is produced through energy transfer from the excited triplet 

state of the Pcs to molecular oxygen.  

Experimentally, singlet oxygen quantum yields of Pcs can be quantified using optical or 

chemical methods. The optical method entails the time resolved phosphorescence decay of 

singlet oxygen at 1270 nm [129]. In this work the chemical method is used. This requires the 

use of singlet oxygen quenchers which react in a 1:1 ratio with singlet oxygen. Ideally the 

decomposition product of the quencher should not react with the generated singlet oxygen, 

interfere with the detection of singlet oxygen nor interfere with stability of the Pc.  

In this work, 1,3- diphenylisobenzofuran (DPBF) and anthracene-9,10-bis-methylmalonate 

(ADMA) are used as singlet oxygen quenchers in organic and aqueous media, respectively. 

The experiment is usually carried out by irradiating a sample solution containing a Pc and 

quencher. The degradation of the quencher is then monitored spectroscopically [130,131] and 

the singlet oxygen is quantified using Equation 1.5: 

Abs

Std

Std

AbsStd

IR

IR
 

     1.5 

where   
    is the singlet oxygen quantum yield for the standard Pc (ZnPc). R and R

std
 are the 

rates of photodegradation of the singlet oxygen quencher by the samples and the standard, 

respectively.       and     
    

 are the rates of absorption of light by samples and standards, 

respectively and are defined by Equations 1.6 and 1.7:
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A

Abs
N

Α.I.
I

      1.6 

A

Abs
N

Α.I.Std
StdI




     1.7 

where,            ), A (λ) is the absorbance of the sensitizer at the irradiation 

wavelength, A is the irradiated area (2.5 cm
2
), I is the intensity of light calculated using the 

wavelength of the Q band of the Pc (photons/cm
2
 s) and NA is the Avogadro‟s constant. 

For the determination of Δ of Pcs (or conjugates) embedded in fibers, the direct chemical 

method was employed due to lack of standards. The studies were carried out in an aqueous 

solution, using ADMA as a chemical quencher for singlet oxygen where its degradation was 

spectroscopically monitored at 380 nm [132].  

 

 The quantum yield of ADMA (ADMA) was calculated using Equation 1.8: 

 
tI

VCC

Abs

Rt

ADMA

)( 0 

    1.8 

where C0 and Ct are the ADMA concentrations prior to and after irradiation, respectively. VR 

is the solution volume, t is the irradiation time per cycle and Iabs is defined in Equation 1.6.  

The absorbances used for Equation 1.8 are those of the phthalocyanines in the fibers (not in 

solution) measured by placing the modified fiber directly on a glass slide. The light intensity 

measured refers to the light reaching the spectrophotometer cells, and it is expected that some 

of the light may be scattered, hence the ΦΔ values of the phthalocyanines in the fiber are 

estimates. The singlet oxygen quantum yields (Φ∆) were calculated using Equation 1.9:                                                                                                                                                       
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   1.9

 

where kd is the decay constant of singlet oxygen and ka is the rate constant for the reaction of 

ADMA with 
1
O2 (

1
∆g). The intercept obtained from the plot of 1/  ADMA versus 1/ [ADMA] 

gives     . 

1.6 Aims of thesis 

This work seeks to devise means of treating organic and inorganic water pollutants using 

multifunctional nanocomposites derived from Pcs and ferrites. 

The specific aims of the thesis include: 

1. Synthesis and characterisation of carboxylic acid and amine functionalised zinc Pcs. 

2. Synthesis and characterisation of carboxylic acid and amine functionalised CoFe2O4 

MNPs and their conjugation to the Pcs via amide bonds. 

3. Evaluation of the photophysical properties of the Pcs and Pc-MNP conjugates. 

4. Photocatalytic analyses of the Pc-MNP conjugates in the phooxidation of azo dyes 

and photoreduction of Cr(VI). 

5. Fabrication of electrospun fibers functionalised with Pcs and Pc-MNP conjugates. 

6. Characterisation of electrospun fibers and their application in the photooxidation of 

azo dyes.  

 

 

 

 



 
 

28 
 

 

 

CHAPTER 2 

Experimental 
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2. Experimental  

2.1 Materials 

2.1.1 Solvents 

Toluene, dimethyl sulphoxide (DMSO), deuterated dimethyl sulphoxide (DMSO-d6), 

deuterated chloroform (CDCl3), dichloromethane (DCM), N, N-dimethylformamide (DMF), 

tetrahydrofuran (THF), methanol, ethanol and hydrochloric acid (HCl) were purchased from 

SAARChem. Formic acid (FA) and acetic acid (AA) were purchased from Minema 

chemicals and 1-pentanol was purchased from Sigma-Aldrich.  

 

2.1.2 Reagents for synthesis of phthalocyanines 

Zinc acetate dihydrate ((Zn(OAc)2  2H2O) and 1,8-diazabicyclo[5.4.0]undec-7ene (DBU) 

were purchased from Sigma-Aldrich. Dimethyl 5-(3,4-dicyanophenoxy)-isophthalate (8) 

(Scheme 3.1) was synthesized according to literature procedures [61,62] and 4-tert-

butylhthalonitrile (9) (Scheme 3.1) was purchased from Wako Pure Chemical Industries. 

Zinc tetracarboxyphenoxy phthalocyanine (1) [58], zinc tetraaminophenoxy phthalocyanine 

(2) [59,60], 2,10,16,24–tetrakis dimethyl 5-(phenoxy)-isophthalate phthalocyaninato] zinc 

(II) (3) [61], 2(3),9(10),16(17),23(24)–Tetra 5-(phenoxy)-isophthalic acid phthalocyaninato] 

zinc (II) (4) [62] and 2(3),9(10),1617),23(24)-tetrakis-(4‟-(4‟-6‟-diaminopyrimidin-2‟-

ylthio)))  phthalocyaninato zinc (II) (7) [63] were synthesised according to literature 

procedures. 

2.1.3 Reagents for synthesis and functionalisation of CoFe2O4 MNPs 

Cobalt (II) chloride was purchased from Fluka. Iron(III) chloride hexahydrate, oleic acid, 

tetraethoxysilane (TEOS),  (3-aminopropyl)triethoxysilane (APTES), reduced glutathione, 
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succinic anhydride,   (3-aminopropyl)trimethoxysilane (APTMS), dicyclohexylcarbodiimide 

(DCC) and N,N
’
-dicyclohexylcarbodiimide (EDC) and N-hyroxysuccinimide (NHS) were 

purchased from Sigma–Aldrich. Sodium hydroxide (NaOH) pellets were purchased from 

Minema chemicals. 

2.1.4 Polymers for Electrospinning 

Polystyrene (PS) (Mw = 192 000 g/mol) was purchased from Sigma-Aldrich and Polyamide-

6 Ultramid® B32 grade (Mw = 90,000 g/mol) was supplied by BASF. 

 

2.1.5 Standards and Quenchers for determination of Photophysical Parameters 

Anthracene-9,10-bis-methylmalonate (ADMA), unsubstituted zinc phthalocyanine (ZnPc) 

and  1,3- diphenylisobenzofuran (DPBF) were purchased from Sigma-Aldrich., AlPcSmix (a 

mixture of sulfonated aluminium Pcs) was synthesized according to literature [133]. 

 

2.1.6 Reagents for Photocatalysis 

Chromium (VI) oxide, MO and OG were purchased from Sigma Aldrich. Phosphate buffer 

saline was prepared using  appropriate quantities of sodium chloride (NaCl), potassium 

chloride (KCl) purchased from Minera as well as sodium hydrogen phosphate dihydrate 

(Na2HPO4 
. 
2H2O) and potassium hydrogen phosphate (KH2PO4) purchased from Riedel-de 

Haën. The salts were dissolved in ultra-pure water obtained from Milli-Q Water Systems 

(Millipore Corp, Bedford, MA, USA). 

 

 

 

 

 

https://www.google.co.za/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwiv9brD7vXXAhUBOBoKHYS1AJ8QFggxMAI&url=https%3A%2F%2Fpubchem.ncbi.nlm.nih.gov%2Fcompound%2FDipotassium_hydrogen_phosphate&usg=AOvVaw3zryYIqAup6r60CMc5ymyC
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2.2 Instrumentation 

1. UV–Vis absorption spectra were measured at room temperature on a Shimadzu UV-2550 

spectrophotometer using a 1 cm pathlength cuvette in solution. A Perkin Elmer Lambda 950 

UV-vis spectrophotometer was used for solid state spectra of the functionalised fibers. 

2. Fluorescence emission and excitation spectra were obtained on a Varian Eclipse 

spectrofluorometer using a 1 cm pathlength quartz cuvette.  

3. Fluorescence lifetimes were measured using a time correlated single photon counting 

(TCSPC) setup (FluoTime 300, Picoquant GmbH), Figure 2.1. The excitation source was a 

diode laser (LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repetition rate, 44 ps pulse 

width, Pico quant GmbH). Fluorescence was detected under the magic angle with a peltier 

cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant GmbH) and integrated 

electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a spectral width of 4 

nm was used to select the required emission wavelength. The response function of the 

system, which was measured with a scattering Ludox solution (DuPont), had a full width at 

half-maximum (FWHM) of about 300 ns. The ratio of stop to start pulses was kept low 

(below 0.05) to ensure good statistics. The luminescence decay curve was measured at the 

maximum of the emission peak. The data was analyzed with the FluoFit Software program 

(Picoquant GmbH, Germany). The support plane approach was used to estimate the errors of 

the decay times. 
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Figure 2.1: Schematic diagram of a TCSPC setup. 

(MCP)-PMT= (Multichannel plate detector)-Photomultiplier tube, PC= Personal 

computer 

 

4. Elemental Analyses (CHNS) were done using a Vario-Elementar Microcube ELIII Series. 

5. Energy dispersive X-ray spectroscopy (EDX) was done on an INCA PENTA FET coupled 

to the VAGA TESCAM using 20 kV accelerating voltage. 

6. Dynamic light scattering (DLS) experiments were done on a Malvern Zetasizer 

Nanoseries, Nano-ZS90. 

7. Mass spectral data were collected with a Bruker AutoFLEX III Smartbeam TOF/TOF 

Mass spectrometer operated in the positive mode using α-cyano-4-hydroxycinnamic acid as 

the MALDI matrix. 

8. Transmission electron microscopy (TEM) images for the MNPs were obtained using a 

ZEISS LIBRA
®
 TEM.  
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9.  Scanning electron microscopy (SEM) images of the electrospun nanofibers were 

examined using a scanning electron microscope (JOEL JSM 840 scanning electron 

microscope) at an accelerating voltage of 20 kV. 

10. Perkin Elmer TGA 7 Thermogravimetric analyser was used to study the thermal 

properties of the electrospun fibers under an inert nitrogen atmosphere flowing at 20 mL
-1 

heating at a rate of 10 
o
C min

-1
. 

11. Nitrogen adsorption/desorption isotherms were carried out at 77 K using a Micrometrics 

ASAP 2020 Surface Area and Porosity Analyzer. Prior to each measurement, degasing was 

carried at 50 
0
C for 48 h per sample. The Brunauer–Emmett–Teller (BET) method was 

employed to determine surface area and porosity. The BET surface area and total pore 

volume were calculated from the isotherms obtained. 

12. A Metrohm Swiss 827 pH meter was used for all pH measurements. 

13. X-ray powder diffraction patterns were recorded on a Bruker D8 Discover equipped with 

a LynxEye detector, using CuKa radiation (A = 1.5405 A, nickel filter). Data were collected 

in the range from 20 = 5° to 100°, scanning at 1° min
-1

 with a filter time-constant of 2.5 s per 

step and a slit width of 6.0 mm. Samples were placed on a zero background silicon wafer 

slide. The X-ray diffraction data were treated using Eva (evaluation curve fitting) software. 

Baseline correction was performed on each diffraction pattern. 

 

14. Triplet quantum yields were determined using a laser flash photolysis system (Figure 

2.2). EKSPLA NT342N-20-AW tunable wavelength laser with excitation pulses (3-5 ns) was 

used as the laser. The analysing beam source was from a Thermo Oriel Xenon arc lamp, and 

photomultiplier tube (a Kratos Lis Projekte MLIS-X3) was used as a detector. Signals were 
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recorded with a two-channel 300 MHz digital real time oscilloscope (Tektronix TDS 3032C) 

and the kinetic curves were averaged over 256 laser pulses.  

 
 

 

 

Figure 2.2: Laser flash photolysis setup. 

 

15. X-ray photoelectron spectroscopy (XPS) analysis was done using an AXIS Ultra DLD, 

with Al (monochromatic) anode equipped with a charge neutraliser, supplied by Kratos 

Analytical. The following parameters were used: the emission was 10 mA, the anode (HT) 

was 15 kV and the operating pressure below 5 x 10
-9

 torr. A hybrid lens was used and 

resolution to acquire scans was at 160 eV pass energy in slot mode. The centre used for the 

scans was at 520 eV with a width of 1205 eV, with steps at 1 eV and dwell time at 100 ms as 

reported before [134]. The high resolution scans were acquires using 80 eV pass energy in 

slot mode. 

Monochromator 

Oscilloscope 

Photomultiplier 
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Ekspla Laser 
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16. The electrospun fibers were obtained from an electrospinning setup consisting of a high 

voltage source (Glassman High Voltage. Inc.m series, 0-40 kV), a pump (Kd Scientific, 

KDS-100-CE) and a plastic syringe equipped with a steel needle with diameter of a 0.60 mm, 

Figure 2.3. An aluminium foil was as a ground collector for the fibers. 

 

Figure 2.3: Electrospinning setup. 

 

17. Irradiations for singlet oxygen determination were conducted using a general electric 

quartz lamp (300W), 600 nm glass (Schott) and water filters were used to filter off ultraviolet 

and far infrared radiations respectively, Figure 2.4. An interference filter of 670 nm with a 

band of 40 nm was placed in the light path just before the cell containing the sample. The 

intensity of the light reaching the cell was measured with a POWER MAX 5100 (Molelectron 

Detector Incorporated) power meter. 
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High Voltage Source 

Plastic syringe 

equipped with steel 
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Figure 2.4: Schematic diagram of photochemical setup. 

 

18. 
1
H nuclear magnetic resonance spectra were recorded on a Bruker AMX 400 MHz NMR 

spectrometer. 

 

19. IR spectra were recorded on a Perkin-Rlmer Spectrum 100 ATR FT-IR spectrometer. 

 

20. Photocatalysis of pollutants was carried out using the Modulight® Medical Laser system 

(ML) 7710-680 with cylindrical output channels, aiming beam, integrated calibration module, 

foot/hand switch pedal, fiber sensors (subminiature version A) connectors and safety 

interlocks. The system was equipped with a magnetic stirrer and using a sample holder with 

spot diameter of 5.5 cm. The instrument setup is shown in Figure 2.5. 
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Figure 2.5: Photodegradation laser setup. 

 

2.3 Phthalocyanine synthesis 

 

2.3.1 2-[dimethyl 5-(phenoxy)-isophthalate)] 9(10), 16(17), 23(24)-tri-tert-butyl 

phthalocyaninato zinc (II) (5) (Scheme 3.1) 

Dimethyl 5-(3,4-dicyanophenoxy)-isophthalate (8) (100 mg, 0.297 mmol) and 4-(tert-

butyl)phthalonitrile (9) (383, 2.08 mmol)  were reacted with Zn(OAc)2 (0.041 g, 0.19 mmol) 

and 0.3 mL of catalytic DBU in 1-pentanol (5 mL). The reaction mixture was heated to 200 

o
C with reflux under argon for 8 h followed by cooling to room temperature. The product was 

precipitated and subsequently washed with methanol followed by isolation of the required 

product (5) from its constitutional isomers with silica gel column chromatography using 

DCM/methanol (9:1) as eluents.  
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Yield= 33%. 
 1

H NMR (400 MHz, CDCl3): δ (ppm) 1.27 (s, 9H, C(CH3)3), 1.31 – 1.43 (m, 

18H, C(CH3)3), 2.15-2.17 (d, J = 8.0 Hz,  6H, COOCH3), 6.68 (s, 1H, Ar-H), 7.01 (s, 6H, Ar-

H),  7.97 (m, 3H, Ar-H), 9.29(s, 5H, Ar-H). FT-IR (Vmax/cm
-1

): 1286, 1350 (C-N), 1256, 

1620 (C-O), 1756 (C=O) 2942 (C-H aromatic). UV-Vis (toluene): λmax (nm) (log ε): 676 

(5.20), 610 (4.45), 348 (4.72). Calc. for C54H48N8O5Zn: C 67.96, H 5.07, N 11.74; Found: C 

68.22, H 5.38, N 10.83. MS (MALDI-TOF) m/z: Calc. 952.3; Found [M]
+
 953.0.  

 

2.3.2. 2-[5-(phenoxy)-isophthalic acid] 9(10), 16(17), 23(24)-tri-tert-butyl 

phthalocyaninato zinc (II) (6) (Scheme 3.1) 

The hydrolysis of complex 5 to obtain complex 6 was then done as follows:  complex 5 (0.1 

g, 0.11 mmol) was dissolved in 5 mL THF followed by addition of 5 M NaOH. The resulting 

reaction mixture was stirred for 48 h at 80 
o
C under reflux. THF was then evaporated from 

the reaction mixture and dilute HCl was added to precipitate out the Pc. The precipitate was 

filtered and dried to obtain complex 6. 

Yield= 68%. 
1
H NMR (400 MHz, DMSO-d6): δ (ppm) 1.12 – 1.47 (m, 9H, C(CH3)3), 1.59 – 

1.99 (m, 18H, C(CH3)3), 6.98-7.18 (m, 4H, Ar-H),  7.76-7.80 (d, J = 16.0 Hz, 6H, Ar-H), 

8.23-8.28 (m, 3H, Ar-H),  9.29-9.44 (s, 2H, Ar-H), 12.32 (s, 2H, COOH). 
 
FT-IR (Vmax/cm

-

1
): 1290 (C-N), 1675 (C=O), 2958 (C-H aromatic), 3250 (O-H). UV-Vis (DMSO): λmax/nm 

(log ε): 676 (5.21), 609 (4.51), 349 (4.91). Calc. for C52H44N8O5Zn: C 67.42, H 4.79, N 

12.10; Found: C, 67.23, H 4.00 N, 11.05. MS (MALDI-TOF) m/z: Calcd. 924.3; Found [M]
+
 

924.9. 
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2.4 Synthesis and functionalisation of CoFe2O4 MNPs 

2.4.1 Oleic acid coated CoFe2O4 MNPs (Scheme 3.2) 

  

The magnetite nanoparticles were prepared by the conventional co-precipitation 

method, using previously reported procedures [135] with modifications. Briefly, iron 

(III) chloride hexahydrate (25 mL, 0.4 M) and cobalt (II) chloride (25 mL, 0.2 M) 

were stirred together. Sodium hydroxide (25 mL, 3 M) was then added dropwise to the 

salt solution until a pH of 11–12 was reached. Oleic acid (2 mL) was added dropwise 

to the solution as a surfactant and the solution was then heated to a temperature of 80 

o
C while stirring for 1 h. The formed precipitate was washed twice with deionised 

water and then with ethanol to remove excess oleic acid followed by redispersion in 

deionized water.  

 

2.4.2 Silica coated magnetic nanoparticles (CoFe2O4–SiO2 MNPs, Scheme 3.2) 

 

The CoFe2O4 MNPs were encapsulated with silica for easy functionalisation as 

reported previously [136]. Firstly, 80 mL ethanol, 169 µL TEOS and 14.4 µL APTMS 

were mixed in a beaker and subsequently 20 mL of the oleic acid capped 

CoFe2O4 MNPs were added dropwise to the mixture while stirring at room 

temperature. Stirring was continued for 3 h and the silica coated cobalt ferrite 

nanoparticles (CoFe2O4-SiO2) were collected with a magnet. The nanoparticles were 

then washed three times with deionized water and then dried under vacuum overnight. 
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2.4.3 Amine functionalised CoFe2O4 magnetic nanoparticles (CoFe2O4-NH2 

MNPs, Scheme 3.2)  

 

After coating the CoFe2O4 nanoparticles with a silica shell, the surfaces of the nanoparticles 

were modified with amine groups using APTES [136] as follows:  the CoFe2O4-SiO2 MNPs 

(600 mg), 12 mL DMF and 8 mL toluene were vortexed in a 50 mL tube and then 

magnetically stirred while 200 µL APTES was added dropwise into the mixture. The stirring 

was continued for 24 h following the addition of APTES, then the functionalised 

nanoparticles (CoFe2O4-NH2 MNPs) were collected with the magnet and washed with 

toluene. These nanoparticles were then finally dispersed in 10 mL DMF. 

 

2.4.4 Carboxylic acid functionalised magnetic nanoparticles (CoFe2O4-COOH 

MNPs, Scheme 3.2)  

A ring opening linker elongation reaction was used to add carboxylic acid groups to the 

amine functionalised CoFe2O4 nanoparticles [136]. Succinic anhydride was added and its ring 

structure was opened and reacted with the amine groups of the CoFe2O4-NH2 MNPs as 

follows: 10 mL homogenous colloid suspension of the CoFe2O4-NH2 MNPs was added 

dropwise to a 10 mL DMF solution containing 0.1 g (1.0 mmol) succinic anhydride and the 

mixture was stirred for 24 h at room temperature. The modified nanoparticles were washed 

and redisperesed in DMF and kept for further use. 

 

2.4.5 Synthesis of glutathione functionalised CoFe2O4 magnetic nanoparticles 

(CoFe2O4-GSH MNPs, Scheme 3.3) 

The MNPs were prepared by the conventional co-precipitation method, using previously 

reported procedures [137] with modifications as follows: iron (III) chloride hexahydrate (25 
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mL, 0.4 M) and cobalt (II) chloride hexahydrate (25 ml, 0.2 M) were mixed together. 

Ammonium hydroxide (25%) was added dropwise to the solution until a pH of 10-12 was 

reached. The solution was then heated to 85 C for 1 h and then cooled to room temperature. 

The precipitated nanoparticles were then retrieved by magnetic decantation, washed with 

deionised water three times and then dried overnight under vacuum to form the bare CoFe2O4 

MNPs. The bare CoFe2O4 MNPs were modified by anchoring of glutathione (GSH) onto the 

surface of the ferrite as reported before [138] with slight modifications as follows:  bare 

CoFe2O4 MNPs (0.5 g) were dispersed in a solvent mixture of water (15 mL) and methanol (5 

mL) and sonicated for 15 min. Reduced glutathione was then dissolved in water (15 mL) and 

added to the solvent mixture dropwise followed by sonication for a further 2 h. The resultant 

CoFe2O4-GSH MNPs were then magnetically separated, washed with methanol and dried 

under vacuum overnight. 

 

2.5 Conjugation of Pc complexes to CoFe2O4 MNPs  

2.5.1 Conjugation of complexes 1, 4 and 6 to CoFe2O4-NH2 MNPs (Scheme 3.4) 

 

The conjugation of complexes 1 and 6 to the CoFe2O4-NH2 MNPs was done using a method 

previously reported before in the conjugation of Pcs to other nanoparticles [72]. The 

carboxylic acid functional groups on the Pc were activated by adding the Pcs (0.1 g) to DCC 

(1.03 g, 5 mmol) in 5 mL DMSO followed by stirring for 12 h. NHS (0.58 g, 5 mmol) and 

CoFe2O4-NH2 MNPs (0.38 g) were then added to the mixture followed by stirring for 48 h. 

The final products; 1-CoFe2O4 and 6-CoFe2O4 were washed with ethanol and toluene 

followed by drying.  

The conjugation of the water soluble complex 4 to the CoFe2O4-NH2 MNPs on the other hand 

was done as reported before [70]. The carboxylic acid groups of the Pc were activated by 
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dissolving complex 4 (0.15 g, 0.12 mmol) in 5 ml of PBS (pH 7.4), followed by addition of 

EDC (1.61 g, 7.8 mmol) and NHS (0.84 g, 7.0 mmol). The solution was then stirred for 6 h. 

The CoFe2O4-NH2 MNPs (5 mg) were sonicated in 5 ml PBS (pH 7.4) and subsequently 

added dropwise to the complex 4 solution. The mixture was stirred for 12 h at room 

temperature under a N2 gas flow. The product (4-CoFe2O4) was precipitated by addition of 

ethanol, a magnet was also used to separate the 4-CoFe2O4 from the unreacted Pcs. 

 

2.5.2 Conjugation of complex 2 to CoFe2O4-COOH MNPs (Scheme 3.5) 

 

The conjugation of complex 2 to the CoFe2O4-COOH MNPs was done as reported before 

[139]. A mixture of 0.10 g of CoFe2O4-COOH and DCC (0.02 g, 0.097 mmol) was stirred in 

4 mL DMF at room temperature for 48 h to activate the carboxylic acid terminal groups of 

the CoFe2O4-COOH MNPs. Complex 2 (0.1 g, 0.089 mmol) was then dissolved in 2 mL 

DMF and added dropwise to the CoFe2O4-COOH mixtures respectively, followed by 

continuous stirring for a further 48 h to get the crude product which was then collected and 

washed several times by centrifugation in acetone, methanol and absolute ethanol in 

succession.  The obtained product is denoted 2-CoFe2O4-COOH i.e. since complex 2 is 

conjugated to two different MNPs (CoFe2O4-COOH and CoFe2O4-GSH (below), the capping 

ligands are shown in their names for clarity. 

 

2.5.3 Conjugation of complexes 2 and 7 to CoFe2O4-GSH MNPs (Scheme 3.6)  

The conjugation of complexes 2 and 7 to CoFe2O4-GSH MNPs were also done as reported 

before [139] (Scheme 3.6, using complex 2 as an example). In two separate round bottomed 

flasks, a mixture of 0.10 g of CoFe2O4-GSH and DCC (0.02 g, 0.097 mmol) was stirred in 

4 mL DMF at room temperature for 48 h to activate the carboxylic acid terminal groups of 
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the CoFe2O4-GSH MNPs. Complexes 2 (0.1 g, 0.089 mmol) and 7 (0.1 g, 0.087 mmol) were 

then each dissolved in 2 mL DMF and added dropwise to the separate CoFe2O4-GSH reaction 

mixtures respectively, followed by continuous stirring for a further 48 h. The crude products; 

2-CoFe2O4-GSH and 7-CoFe2O4 respectively were collected and washed several times by 

centrifugation in acetone, methanol and absolute ethanol in succession.   

 

In order to study the importance of having a covalent bond between the Pcs and CoFe2O4 

MNPs in enhancing their photocatalytic behavior, samples without a covalent bond were 

prepared (using complexes 2 and 7 as examples).  The same amounts of CoFe2O4-GSH 

MNPs and complexes 2 and 7 respectively were reacted but without the addition of DCC. All 

the conditions and purification methods were the same as those for the covalent conjugation. 

The obtained products were denoted 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) 

respectively. 

 

The conjugation of complexes 3 and 5 to the CoFe2O4 MNPs was not possible because the 

Pcs do not have the necessary functional moieties required for amide bond formation with the 

MNPs. 

 

2.6 Preparation of functionalised electrospun fibers 

2.6.1 Preparation of functionalised polystyrene (PS) fibers 

 

Homogenous PS solutions were prepared by dissolving PS in DMF:THF (4:1) (to make a 

20% solution with final volume of 20 mL) followed by stirring at room temperature for 24 h. 

The PS fibers were then obtained by electrospinning the PS solution using a voltage of 15 

kV, 0.15 mL/h flow rate and a tip to collector distance (TCD) of 12 cm.  With evaporation of 
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the solvent, the PS fibers were deposited on a grounded collector (12 cm x 6 cm) covered 

with aluminium foil. Similar conditions were used for the fibers functionalised with the Pcs 

(complexes 1 and 2), CoFe2O4 MNPs (CoFe2O4-NH2 and CoFe2O4-COOH) and their 

respective conjugates (1-CoFe2O4 and 2-CoFe2O4) wherein 120 mg of each of the 

photocatalysts was added to the PS solution followed by stirring for a further 24 hours. The 

resulting modified fibers were represented as CoFe2O4-NH2/PS, CoFe2O4-COOH/PS, 1/PS, 

2/PS, 1-CoFe2O4/PS and 2-CoFe2O4/PS. The functionalised PS fibers were applied in the 

photocatalytic degradation of OG. When water soluble Pc (complex 4) was electrospun with 

PS and applied in photocatalysis, there was observed leaching of the Pc from the fibers. 

Studies were therefore also conducted on a different polymer; polyamide-6 (PA-6) as an 

alternative fiber support.  

 

2.6.2 Preparation of functionalised polyamide-6 (PA-6) fibers 

 

The preparation of homogenous PA-6 solution was achieved by dissolving PA-6 in FA/AA 

(1:1) (to make a 25% solution with final volume of 30 mL) followed by stirring at room 

temperature for 24 h.  The PA-6 fibers were then obtained by electrospinning the PA-6 

solution using a voltage of 20 kV, 0.8 mL/h flow rate,  a tip to collector distance (TCD) of 10 

cm and a ground collector (12 cm x 6 cm). Similar conditions were used for functionalisation 

of the fibers with the Pcs (complexes 4 and 6), CoFe2O4-NH2 MNPs and their respective 

conjugates (4-CoFe2O4 and 6-CoFe2O4) wherein 40 mg of each of the photocatalysts was 

added to the PA-6 solution followed by stirring for a further 24 h. The resulting modified 

fibers were represented as CoFe2O4-NH2/PA-6, 4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6 and 6-

CoFe2O4/PA-6. 
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 Due to time constraints, the electrospinning of complex 7 as well as 2-CoFe2O4-GSH, 7-

CoFe2O4, 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix), was not done and will be the subject 

of future work. 

 

2.7 Photocatalysis 

 

All the photocatalytic reactions were carried out in a magnetically stirred beaker using the 

laser setup shown in Figure 2.5 as the photoexcitation source. The transformation of the 

pollutants was spectroscopically monitored post irradiation, using a Shimadzu UV-2550 

spectrophotometer. The absorption bands of OG and MO were monitored at 476 nm and 464 

nm respectively at pH 7.4. At pH 2.5, the absorption band of MO was then monitored at 506 

nm while those of Cr(VI) was monitored at 252 nm and 349 nm. All the experiments were 

carried out under aerobic conditions using a range of concentrations of the pollutants.  

 

2.8 Photophysical and photochemical methods 

2.8.1 Fluorescence quantum yields (  ) and Lifetimes (F) 

 

The fluorescence quantum yields of the Pcs and their respective Pc-MNP conjugates reported 

herein were determined in either DMSO or toluene using the comparative method, Equation 

1.1 discussed in the previous chapter. An unsubstituted zinc ZnPc in DMSO with ΦF
Std

 = 0.2 

[140] (corrected for toluene using refractive indices) was employed as the standard. Both the 

sample and standard were excited at the same wavelength. Preparation of the solutions for the 

standard and samples were done such that their absorbances at the excitation wavelength 

were about 0.05 to avoid filter effects. The lifetimes of the Pcs were measured using a 

TCSPC setup (Figure 2.1) by exciting at the excitation wavelength of the Pcs. 
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2.8.2 Triplet quantum yields (  ) and Lifetimes (T) 

 

The decay kinetics of the triplet absorption of the Pcs and their respective Pc-MNP 

conjugates were obtained from the laser flash photolysis setup, Figure 2.2. Preparation of the 

sample solutions and the standard entailed adjusting their absorbances to be approximately 

1.5 at the Q-band maxima. The solutions were introduced into 1 cm quartz cells and bubbled 

through with argon to remove dissolved oxygen before taking the readings. The triplet 

quantum yields of the samples were determined using Equation 1.2. Unsubstituted ZnPcs in 

DMSO ΦT
Std 

= 0.65 [141] or toluene ΦT
Std 

= 0.65 [142] were used as standards.
 
Triplet 

lifetimes were determined from kinetic data obtained from Origin Pro 8 software. 

 

2.8.3 Singlet oxygen quantum yields (  ) 

 

A chemical comparative method was used for the determination of Φ∆ of the Pcs and their 

respective conjugates in DMSO, toluene and water using the experimental setup shown in 

Figure 2.4. The experiments were conducted in the presence of air wherein 1.5 mL of each of 

the sample solutions was prepared with absorbances of approximately 1 at the Q band. The 

sample solutions were then mixed with an equal volume of a solution of DPBF or ADMA 

with concentrations of approximately 0.3 µmolL
-1

 to avoid chain reactions. The resulting 

solution was irradiated at the Q band region and the degradation of DPBF/ADMA was then 

monitored by recording the UV-vis spectra of the sample solutions. The Φ∆ values were 

determined using Equation 1.5 with ZnPc in DMSO as a standard where Φ∆
Std

 = 0.67 [143] 

and toluene where Φ∆
Std

 = 0.58 [144]. AlPcSmix was employed as a standard (Φ = 0.42 

[144]) for water soluble Pcs.  
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Absolute methods were used for determination of the Φ∆ of the functionalised fibers wherein 

ADMA was used as the singlet oxygen quencher. For each experiment 20 mg of the 

functionalised fibers were suspended as small pieces in an aqueous solution of ADMA and 

irradiated using the setup in Figure 2.4. The quantum yields of ADMA (ΦADMA) were 

estimated using Equation 1.8 using the coefficient of ADMA in water, log (Ɛ) = 4.1 [145] 

and using the absorbances of the Pcs and their respective conjugates in the polymer fiber 

matrix.  
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Results and Discussion 

 

3. Synthesis and Characterisation 

4. Photophysicochemical properties of phthalocyanines and 

Pc-MNP conjugates 

5. Electrospun polymer fibers 

6. Photocatalytic treatment of organic and inorganic 

pollutants  
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3. Synthesis and Characterisation 

This chapter reports on the synthesis and characterisation of phthalocyanines, CoFe2O4 

MNPs as well as their respective conjugates, all of which have been employed in this 

thesis. 

3.1 Phthalocyanines (Pcs)  

3.1.1 Synthesis 

All the Pc complexes reported in this work are tetra-substituted and were obtained by 

cyclotetramerization of their respective phthalonitrile precursors. The synthesis of Pc 

complexes 1-4 and 7 (Scheme 3.1) has been reported before [58-63] hence their synthesis 

and characterisation will not be discussed in this thesis. This thesis however reports on the 

photophysical and photochemical characterisation of complexes 3 and 4 for the first time. 

The synthesis and characterisation of the unsymmetrical Pcs (5 and 6) as well as their 

photophysical and photochemical properties are also reported herein for the first time. The 

synthesis of complex 5 was achieved by the statistical condensation of two different 

phthalonitriles; dimethyl 5-(3,4-dicyanophenoxy)-isophthalate (8) and 4-(tert-

butyl)phthalonitrile (9) in the presence of catalytic DBU,  Zn(OAC)2 for metallation of the Pc 

and 1-pentanol as the solvent. Complex 6 was then obtained by hydrolysis of complex 5 in 

the presence of NaOH and THF. The structures of both Pc complexes were confirmed using 

UV-vis, CHN elemental analysis, FTIR, 
1
H NMR and MS spectroscopic data. The 

disappearance of the C≡N peaks at 2222 and 2230 cm
−1

 for dimethyl 5-(3,4-

dicyanophenoxy)-isophthalate and 4-(tert-butyl)phthalonitrile in their FT-IR spectra, 

respectively confirmed the formation of complex 5. The 
1
H NMR spectrum for 

complex 5 displayed aromatic ring proton peaks between 6.68 and 9.29 ppm, and CH3 
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protons between 1.27 and 2.17 ppm.   The 
1
H NMR spectra of complex 6 on the other 

hand showed the disappearance of the protons representing the ester groups at 2.15-

2.17 ppm for complex 5, and the appearance of protons representing the carboxylic 

acid groups at 12.32 ppm. Peak integration of both complexes 5 and 6 also correctly gave 

the anticipated total number of protons. Complexes 3 and 5 were found to be soluble in 

toluene, chloroform and THF, complex 4 was found to be soluble in water and 

complex 6 was found to be soluble in DMSO and DMF hence their spectroscopic 

characterizations are done in different solvents.  
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Scheme 3.1: The structures of symmetrical zinc phthalocyanines (1-4, 7) as well as the synthesis of 

asymmetric zinc phthalocyanines (5 and 6), all of which have been used in this thesis. 
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3.1.2 UV-vis spectroscopy 

The UV–vis spectra of the Pc complexes reported in this work are shown in Figure 3.1 The 

narrow Q band of all the Pc complexes with the exception of complex 4 confirms their 

monomeric behaviour. In the case of complex 4 in water, there is an observed splitting and 

broadening of the Q band which is attributed to aggregation of the Pc (Figure. 3.1B). This is 

due to the coplanar association of the Pc rings progressing from monomer to dimer and even 

higher order complexes which can be driven by non-covalent interactions such as      

interactions between the monomer Pcs [146]. The addition of a surfactant; Cremophor EL 

remedied this and a narrow Q band was then observed. The absorption wavelengths of the Q 

bands of the Pcs are listed in Table 3.1. 
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Figure 3.1: Normalised ground state absorption spectra of: (A) Pc complexes 1-3 as well as 

5-7 and (B) complex 4 in the absence and presence of Cremophor EL (0.25 mL, 500mg/L). 

The emission, excitation and absorption spectra of the novel Pc complexes 5 and 6 are shown 

in Figure 3.2 (as examples). The emission spectra were observed to be mirror images of the 

excitation spectra while the latter are similar to the absorption spectra, an indication of non-

aggregation of the Pcs in solution. The closeness of the Q band absorption maximum to that 

of excitation shows that the ground state nuclear configurations are not affected by excitation 

in either toluene or DMSO. The obtained fluorescence excitation and emission spectra for the 

Pc complexes 1, 2, 6 and 7 (in DMSO) as well as complexes 3 and 5 (in toluene) are typical 

for Pc complexes where Stokes shifts for the Pcs in both solvents generally range between 3 

to 19 nm [147]. The slight differences between absorbance and excitation wavelengths are 

due to the differences in equipment used. 
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Figure 3.2: Normalized absorbance (blue), excitation (red) and emission (green) spectra of: 

(A) complex 5 in toluene and (B) complex 6 in DMSO.  
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Table 3.1: Ground state absorption, fluorescence excitation and emission spectral parameters 

for Pc complexes 1-7. 

Complex Solvent λabs (nm) λexc 

(nm) 
λem 

(nm) 
1 

 

DMSO 678 678 686 

2 

 

DMSO 686 686 695 

3 

 

Toluene 680 681 689 

4 

 

Water 683 - 

 

- 

 

5 

 

Toluene 676 676 685 

6 

 

DMSO 676 677 686 

7 

 

DMSO 689 689 700 

λabs = absorption wavelength, λexc = excitation wavelength, λem =  emission wavelength 

3.2 Synthesis and characterisation of CoFe2O4 MNPs and their respective Pc-

CoFe2O4 MNP conjugates 

3.2.1 Synthesis 

Three differently substituted CoFe2O4 MNPs were synthesised and reported in this work; 

CoFe2O4-NH2 MNPs (Scheme 3.2), CoFe2O4-COOH MNPs (which resulted from 

functionalising the CoFe2O4-NH2 MNPs using succinic anhydride, Scheme 3.2) and the 

CoFe2O4-GSH MNPs (Scheme 3.3) which were functionalised using glutathione (GSH). All 

three CoFe2O4 MNPs were synthesised using the conventional co-precipitation method, using 

previously reported procedures [135-138]. 
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Scheme 3.2: Synthesis of CoFe2O4-NH2 and CoFe2O4-COOH MNPs. 
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The CoFe2O4-NH2 MNPs were linked to the Pc complexes with the carboxylic acid 

functional groups (complexes 1, 4 and 6) following activation of the carboxylic acid groups 

of the Pcs (1 and 6) with DCC/NHS (EDC/NHS for complex 4) to form the conjugates; 1-

CoFe2O4, 6-CoFe2O4 and 4-CoFe2O4, respectively (Scheme 3.4).  The CoFe2O4-COOH 

MNPs were activated with DCC followed by formation of the amide bond with complex 2 to 

form 2-CoFe2O4-COOH (Scheme 3.5). Lastly the CoFe2O4-GSH MNPs were activated with 

DCC followed by formation of the amide bond with complexes 2 and 7 to form 2-CoFe2O4-

GSH and 7-CoFe2O4 (Schemes 3.6, using complex 2 as an example). In addition composites 

of the Pc complexes 2 and 7 and the CoFe2O4-GSH MNPs were prepared where there was no 

covalent bond between the Pcs and the MNPs resulting in  2-CoFe2O4-GSH (mix) and 7-

CoFe2O4 (mix), respectively. Capping ligands are shown in denoting the conjugates of 

complex 2 for clarity since different ligands were employed. 

  

Scheme 3.3: Synthesis of CoFe2O4-GSH MNPs. 
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Based on size considerations {sizes of CoFe2O4-NH2, CoFe2O4-COOH and CoFe2O4-

GSH MNPs are approximately 9, 12 and 10 nm, respectively (from DLS 

measurements discussed below) while the Pcs have a size of ~ 1 nm} it is unlikely for 

more than one MNP to be attached to the Pc, but it is possible for more than one Pc to 

link to the MNP. The number of Pc molecules bonded to the MNPs were determined 

following literature methods, but using absorption instead of fluorescence [148]. This 

involves comparing the Q band absorbance intensity of the Pc in the conjugate with 

that of the initial Pc before the conjugation. The ratio of Pcs:MNPs in the Pc-MNP 

conjugates reported in this thesis are listed in Table 3.2.  

 

Complexes 1 and 2 were compared based on complex 2 being further away from the 

CoFe2O4 centre than complex 1 due to the longer linkage chain. The ratio of Pcs:MNPs 

in 1-CoFe2O4 is ∼4:1 and the ratio for 2-CoFe2O4-COOH is ∼6:1. Thus, more complex 2 

molecules (linked with a longer chain to the MNPs) can be accommodated onto MNPs than 

complex 1 with a shorter chain. The reason for this might be that the longer linkage chain in 

2-CoFe2O4-COOH possibly prevents crowding of Pcs bonded to the MNPs hence more can 

be accommodated. In 1-CoFe2O4 on the other hand there could be steric hinderance due to the 

Pcs being in closer proximity, preventing more Pcs from binding. 

 

Complexes 3 and 5 have ester functional groups and cannot be conjugated to MNPs hence no 

loading data is shown for them. Complexes 4 and 6 were compared based on complex 4 

having more carboxylic acid groups and hence possibly increased chances of amide bond 

formation with the CoFe2O4-NH2 MNPs than complex 6. As shown in Table 3.2, the ratio of 

Pcs:MNPs in 4-CoFe2O4 is ∼4:1 and ∼7:1  for 6-CoFe2O4. This is a possibly an indication 

that complex 4 forms more amide bonds with the CoFe2O4-NH2 MNPs and hence reduces the 
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number of conjugated Pcs. Comparison of these two conjugates (4-CoFe2O4 and 6-CoFe2O4) 

is not conclusive however because their conjugation to the MNPs was done following 

different procedures due to them being soluble in different solvents. 

 

A similar comparison was made for complexes 2 and 7 where the latter has more amine 

groups and hence higher chances of increased amide bond formation with the CoFe2O4-GSH 

MNPs than the former. As shown in Table 3.2, the ratio of Pcs:MNPs in 2-CoFe2O4-GSH is 

∼8:1 and ∼5:1  for 7-CoFe2O4.  The obtained results agree with what was observed for 

complexes 4 and 6. Complexes 2 and 7 were also used as examples to check the efficiency of 

covalently linking Pcs to MNPs compared to just mixing them by preparing composites (2-

CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix)) with no covalent bond. In terms of their Pc:MNP 

ratio, 2-CoFe2O4-GSH (mix) was found to have a Pc:MNP ratio of ∼9:1  and ∼7:1  for 7-

CoFe2O4 (mix). This is an indication that more Pcs are in the vicinity of the MNPs when 

there is no covalent interaction between them. 
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Table 3.2: Electronic absorption and other properties of Pc complexes 1-7, CoFe2O4 MNPs, 

and their respective Pc-MNP conjugates in DMSO (unless stated otherwise). Capping ligands 

are shown in denoting the conjugates of complex 2 for clarity since different ligands were 

employed. 

Complex Size (nm) Pc Loading 

(Pc:MNP) 
a
 

  

λabs 
b 

     

            

TEM DLS XRD 

CoFe2O4-NH2 9.90 8.91 8.46 - - 

1-CoFe2O4 14.78 14.11 14.56 4:1 678 (678) 

4-CoFe2O4 12.90 13.30 14.10 4:1 683 (683) 
c
 

6-CoFe2O4 15.10 15.35 16.40 7:1 676 (676) 

CoFe2O4-COOH 11.89 11.58 12.33 - - 

2-CoFe2O4-COOH 17.02 17.67 16.86 6:1 686 (686) 

CoFe2O4-GSH 10.75 10.08 10.15 - - 

2-CoFe2O4-GSH 

 

16.10 

- 

16.95 

- 

17.10 

- 

8:1 

(9:1)  

686 (686) 

686 

7-CoFe2O4 

 

14.95 

- 

14.05 

- 

14.78 

- 

5:1 

(7:1) 

 

689 (689) 

689 

a 
values in brackets are for 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) 

b λabs = Q band maxima absorption wavelength, values in brackets are for Pcs alone 

c
 values in water 
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Scheme 3.4: Conjugation of complexes 1, 4 and 6 to CoFe2O4-NH2 MNPs. 
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Scheme 3.5: Conjugation of complex 2 to CoFe2O4-COOH MNPs. 
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Characterisation techniques including Energy Dispersive X-ray Spectroscopy (EDS), 

Transmission Electron Miscroscopy (TEM), Dynamic Light Scattering (DLS), X-ray 

Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) were employed for 

confirmation of the synthesised CoFe2O4 MNPs and Pc-CoFe2O4 MNP conjugates. 

Scheme 3.6: Conjugation of complex 2 to CoFe2O4-GSH MNPs. 
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3.2.2 Energy Dispersive X-ray Spectroscopy (EDS) 

EDS was run so as to confirm the elemental composition of the CoFe2O4 MNPs as well as 

their respective Pc-MNP conjugates (using complex 6 and 6-CoFe2O4 as examples) as shown 

in Figure 3.3. Since CoFe2O4-NH2 MNPs and CoFe2O4-COOH MNPs have the same 

elemental composition, only the spectrum of the CoFe2O4-NH2 MNPs is shown as an 

example (Figure 3.3 (A)). The EDS spectrum of the CoFe2O4-GSH MNPs on the other hand 

shows that the MNPs have a S peak from the glutathione and lack a Si peak which is present 

in the CoFe2O4-NH2/CoFe2O4-COOH MNPs (from TEOS), confirming correct 

functionalization of each of the MNPs (Figure 3.3 (B)). All expected elements were obtained 

for complex 6 (Figure 3.3 (C)) and upon conjugation to the CoFe2O4-NH2 MNPs, there were 

additional peaks (Co, Fe and Si) which are from the MNPs (Figure 3.3 (D)). This is an 

indication that the conjugates are compositses of both the Pcs and CoFe2O4-NH2 MNPs.  

Similar results were obtained for the other Pcs and their respective conjugates. 

 

  

(A) (B) 
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Figure 3.3: EDS spectra of: (A) CoFe2O4-NH2 MNPs and (B) CoFe2O4-GSH MNPs, (C) 

complex 6 and  (D) 6-CoFe2O4. 

3.2.3 Transmission Electron Microscopy (TEM) 

TEM analyses were conducted for the CoFe2O4 MNPs and their Pc-MNP conjugates (using 

CoFe2O4-NH2 and 1-CoFe2O4 as examples) so to determine their sizes, morphology and 

dispersion. As shown in Figure 3.4, the TEM images show that the MNPs are aggregated, 

possibly due to their superparamagnetic nature and hence their strong magnetic attraction. In 

the case of 1-CoFe2O4, aggregation is not just attributed to magnetic attractions between the 

MNPs but also possible - interactions between Pcs on neighbouring MNPs. The images 

revealed that the MNPs and their conjugates are mostly spherical with sizes of 9.90 and 14.78 

nm for CoFe2O4-NH2 and 1-CoFe2O4, respectively (Figure 3.4). The sizes of the MNPs and 

the Pc-MNP conjugates reported in this thesis are listed in Table 3.2. The results show that 

functionalization of the MNPs as well as their conjugation to Pcs causes increase in their 

sizes.  

 

 

(C) (D) 

 

(D) 
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Figure 3.4: TEM images of: (A) CoFe2O4-NH2 MNPs, (B) 1-CoFe2O4- their corresponding 

histograms (showing size distribution). 

 

3.2.4 Dynamic Light Scattering (DLS) 

Due to the aggregation on the TEM images of the CoFe2O4 MNPs, size distribution of the 

MNPs and their conjugates was confirmed using DLS techniques. The sizes obtained for the 

CoFe2O4-NH2 MNPs and 1-CoFe2O4 are 8.91 and 14.11 nm, respectively (Figure 3.5). The 

sizes of the other MNPs and conjugates obtained from DLS measurements are listed in Table 

3.2. Just as with TEM, there was an observed increase in sizes of the MNPs upon conjugation 

(A) 

 
9.90 nm 

 

(B) 

 

14.78 nm 
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to Pcs and as shown in Table 3.2, the DLS graphs of all the MNPs and their conjugates show 

sizes comparable to those obtained from TEM.  

 

20 40 60 80 100

0

10

20

30

40

In
te

n
s

it
y

 (
%

)

Size (d. nm)
 

Figure 3.5: DLS graphs of (A) CoFe2O4-NH2 MNPs, (B) 1-CoFe2O4. 

 

3.2.5 X-ray Diffraction (XRD) 

The XRD patterns of the Pcs, CoFe2O4 MNPs and their respective conjugates were analysed 

and compared as shown in Figure 3.6 (using CoFe2O4-NH2 MNPs, 1-CoFe2O4 and complex 

1 as examples). The CoFe2O4-NH2 MNPs show characteristic peaks attributed to a cubic 

spinel structure with peaks at 2𝜃 = 30
o
, 35

o
, 37

o
, 43

o
, 54

o
, 57

o
 and 63

o
 corresponding to hkl 

Miller indices of (220), (311), (222), (400), (422), (511) and (440), respectively. These 

characteristic peaks agree with the values which have been reported in literature before [135].  

Complex 1 on the other hand has a broadened peak at ∼2𝜃=26
o
 which is typical for Pcs [149] 

while 1-CoFe2O4 has peaks corresponding to both complex 1 and CoFe2O4-NH2 MNPs. This 

is an indication that the conjugate is indeed a composite of the two photocatalysts and that the 
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CoFe2O4-NH2 MNPs retain their crystallinity when conjugated to Pcs which also retain their 

amorphous nature in the conjugate. Similar diffraction patterns were obtained for the rest of 

the Pcs and their respective Pc-MNP conjugates. 

 

XRD was also used to again determine the sizes of the MNPs and Pc-MNP conjugates for 

comparison using the Debye–Scherrer equation (Equation 3.1) [150]: 





cos

k
d                 (3.1) 

 

where λ is the wavelength of the X-ray source (1.5405 Å), k is an empirical constant equal to 

0.9, β is the full width at half maximum of the diffraction peak and θ is the angular position.   

The calculated crystal sizes were found focusing on the (311) peak wherein the CoFe2O4-NH2 

MNPs and 1-CoFe2O4 were found have sizes of 8.46 and 14.65 nm, respectively. The sizes of 

the rest of the MNs and conjugates are listed in Table 3.2 and were found to be close to those 

obtained in TEM and DLS.   
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Figure 3.6: XRD diffraction pattern of (A) CoFe2O4-NH2 MNPs, (B) 1-CoFe2O4 and (C) 

complex 1. 

 

3.2.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to analyse the surface chemistry of the 

CoFe2O4 MNPs and to confirm their functionalisations. Wide scan XPS analyses were 

conducted for the Pc complexes, CoFe2O4 MNPs and Pc-MNP conjugates. Since complexes 

1, 2, 4 and 6 have the same elemental composition and the MNPs (CoFe2O4-NH2 and 

CoFe2O4-COOH) also have the same elemental composition, survey spectra for 1, CoFe2O4-

NH2 and 1-CoFe2O4 are shown in Figure 3.7 as examples.  The spectra show the expected 
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elements for all the compounds with 1-CoFe2O4 showing elements attributed to both the Pc 

and MNPs, an indication of purity and that it is a composite of the two. 
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Figure 3.7: (A) Wide scan XPS spectra for (i) CoFe2O4-NH2, (ii) complex 1 and (iii) 1-

CoFe2O4.  

 

High resolution XPS analysis was taken so as to prove efficient functionalization of the 

MNPs. The N 1s high resolution peak for the CoFe2O4-NH2 MNPs was deconvoluted to yield 

two components at 396.7 eV (N-C) and 399.4 eV (N-H) (Figure 3.8 A (i)). The N 1s high 

resolution peak for the CoFe2O4-COOH MNPs on the other hand was deconvoluted to three 

components at 398.8 eV, 400.0 eV, and 401.5 eV corresponding to N-C, N-H and N-C=0 

respectively (Figure 3.8 A (ii)). The component at high binding energy (401.5 eV) is 

representative of the amide bond formation between the CoFe2O4-NH2 MNPs and succinic 

(A) 
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anhydride and is not present in the CoFe2O4-NH2 alone. This is an indication of efficient 

functionalization of the CoFe2O4-NH2 to form CoFe2O4-COOH MNPs.  

The N 1s high resolution peak for the CoFe2O4-GSH MNPs was deconvoluted to yield three 

components at 397.8 eV, 399.5 eV, and 401.7 eV corresponding to N-C, N-H and N-C=O, 

respectively (Figure 3.8 A (iii)). The component at high binding energy (401.7 eV) is 

representative of the amide bonds present in the glutathione backbone. The obtained results 

are therefore an indication of efficient functionalization of all three MNPs. 
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Figure 3.8: High resolution XPS (N Is) spectra for (A) (i) CoFe2O4-NH2 MNPs, (ii) 

CoFe2O4-COOH, (iii) CoFe2O4-GSH and (B) (i) complex 1, (ii) 1-CoFe2O4, (iii) complex 2 

and (iv) 2-CoFe2O4-COOH. 

 

High resolution XPS analysis was also taken so as to prove amide bond linkage between the 

MNPs and Pcs. The XPS results obtained for the linkage of complex 1 and the CoFe2O4-NH2 

MNPs to form 1-CoFe2O4 as well as between complex 2 and the CoFe2O4-COOH MNPs 
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resulting in 2-CoFe2O4-COOH are shown as examples. The high resolution N 1s for complex 

1 was deconvoluted to three components: 398.8 eV (N=C), 400.1 eV (N) and 401.1 eV (N-C) 

Figure 3.8 B(i)) while that of 1-CoFe2O4 was deconvoluted to four components at 398.3 eV 

(N=C), 399.5 eV (N), 400.9 eV (N-C) and 401.7 eV (N-C=O) (Figure 3.8 B (ii)). The 

presence of the high binding energy component (401.7 eV) in 1-CoFe2O4  is in indication that 

there was bond formation between complex 1 and CoFe2O4-NH2, since it is absent in 

CoFe2O4-NH2 (Fig. 3.8 A (i)) and in complex 1 (Figure 3.8 B(i)).  

The high resolution N 1s for complex 2 on the other hand was deconvoluted to show four 

components at 398.1 eV (N=C), 399.3 eV (N), 401.0 eV (N-C) and 401.5 eV (N-H) (Figure 

3.8 B (iii)). The high resolution N 1s for 2-CoFe2O4-COOH was deconvoluted and showed 

five components at 398.4 eV (N=C), 399.6 eV (N), 400.5 eV (N-C), 401.1 eV (N-H) and 

401.6 eV (N-C=O), Figure 3.8 B (iv). The intensity of the higher binding energy component 

(401.6 eV) is higher at 3373 cps for the conjugate compared to CoFe2O4-COOH (Figure 3.8 

(B)) alone at 1746 cps. This may be an indication of an increase in amide bonds in 2-CoFe2O4 

compared to the CoFe2O4-COOH MNPs which also have amide bonds. The increase in amide 

bonds within the conjugate therefore suggests that complex 2 and CoFe2O4-COOH were 

covalently linked through amide bond formation. 

Similar results were obtained for complexes 4, 6 and 7 and their respective conjugates. In 

addition to confirming amide bond formation, estimates on which Pc-MNP conjugates had 

more amide bonds were performed. In the case of complexes 4 and 6 for instance (which 

differ based of the former having 8 carboxylic groups and the latter having 2), comparison of 

the intensities of their high binding component (representative of the amide bond) shows that 

6-CoFe2O4 has lower intensity of 146 cps compared to 4-CoFe2O4 with an intensity of 1603 

cps. This could therefore be an indication that there are more amide bonds between complex 

4 and the CoFe2O4-NH2 MNPs than those between complex 6 and the CoFe2O4-NH2 MNPs, 
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possibly due to the presence of more COOH groups in complex 4. A similar comparison was 

made between complexes 2 and 7 which differ based on the former having 4 amine groups 

and the latter having 8. The intensities of the higher binding energy components (401.2 eV) 

were found to be 14620 and 11730 cps for 2-CoFe2O4-GSH and 7-CoFe2O4 respectively. The 

results in this case show that even though complex 7 has 8 terminal amine groups, it forms 

less covalent bonds (less intensity of the amide bond peak) than complex 2. This could be 

attributed to factors such steric hinderance due to the multiple sites of attachment and hence 

various ways that the complex 7 and GSH-CoFe2O4 MNPs can bond. 

 

3.2.7 Thermal Analyses 

Thermal analyses of the Pcs, CoFe2O4 MNPs and their respective conjugates were conducted 

(Figure 3.9) and similar results were obtained hence just complex 1, CoFe2O4-NH2 MNPs 

and their conjugate; 1-CoFe2O4 are shown as examples. Complex 1 was observed to exhibit 

the highest thermal stability and the CoFe2O4-NH2 MNPs showed the least stability. The 

conjugate (1-CoFe2O4) showed thermal stability between that of the Pc and MNP, an 

indication that it is a composite of both compounds and has inherent propertied from both 

photocatalysts. 
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Figure 3.9: TGA thermograms of (i) complex 1, (ii) 1-CoFe2O4 and (iii) CoFe2O4-NH2 

MNPs. 

 

3.2.8 UV-vis spectroscopy 

Comparison of the UV-Vis spectra of the Pcs and their respective Pc-MNP conjugates are 

shown in Figure 3.10 (using complexes 4 and 6 as well as their respective conjugates as 

examples).  The spectra reveal that there are no observed shifts in the Q bands of both Pcs 

after conjugation (Table 3.2). There is increase in the absorption of the B band (ultraviolet 

region) of the Pcs after conjugation. This is not surprising as that is the region in which the 

CoFe2O4-NH2 MNPs absorb (Figure 3.10 (B) (insert)). The lack of shift in the Q band shows 

that the Pc complexes remain intact following conjugation to MNPs. In the case of complex 

4, the broadening and split of the Pc Q band even after conjugation to the MNPs suggests that 

its aggregation is maintained even when conjugated to CoFe2O4-NH2 MNPs. Similar spectra 

were observed for the other Pc and their respective conjugates. 
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Figure 3.10: UV-vis absorption spectra of: (A) i. complex 4, ii. 4-CoFe2O4 and (B) i. 

complex 6, (ii) 6-CoFe2O4 in DMSO. Insert= Spectrum of CoFe2O4-NH2 MNPs. 

 

The emission, excitation and absorption spectra of the novel Pc‟s conjugate (6-CoFe2O4) are 

shown in Figure 3.11 (as an example). The emission spectra were observed to be mirror 

images of the excitation spectra while the latter are similar to the absorption spectra, an 

indication of non-aggregation of the Pc complexes in solution. 

 

Figure 3.11: Normalized absorbance (blue), excitation (red) and emission (green) spectra of 

6-CoFe2O4 in DMSO. 
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3.3 Closing Remarks 

Zinc Pcs, various CoFe2O4 MNPs and their respective Pc-MNP conjugates were successfully 

synthesized and characterized by various microscopic and spectroscopic techniques. All the 

compounds and composites gave data indicating high purity and in accordance with the 

predicted structures. Successful conjugation between the Pcs and MNPs was achieved and the 

effect of the interaction on their photochemical and photophysical properties is discussed 

next.  
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4. Photophysicochemical properties of phthalocyanines and Pc-MNP 

conjugates 

This chapter reports on the photophysicochemical properties of Pcs and how these 

properties are affected when they are conjugated to CoFe2O4 MNPs. 

4.1 Fluorescence Quantum Yields (F) and Lifetimes (F) 

Fluorescence quantum yields were determined for the Pcs and their respective Pc-MNP 

conjugates using the comparative method. Upon conjugation of Pcs to MNPs, the heavy atom 

effect introduced by the MNPs enhances intersystem crossing (ISC) of the Pc and minimises 

chances of fluorescence occurring. Lower fluorescence quantum yields are therefore expected 

for Pc-MNP conjugates compared to their respective Pcs.  

 

Complexes 1 and 2 (which were compared based on enhancement of their photophysics due 

to them having different linkage chain lengths and hence separation from the MNP centre) 

have been reported to have fluorescence quantum yields of 0.1 [58] and 0.06 [60], 

respectively. Upon the conjugation of the Pcs (1 and 2) to CoFe2O4-NH2 and CoFe2O4-

COOH MNPs respectively, to form 1-CoFe2O4 and 2-CoFe2O4-COOH, fluorescence 

quantum yields below 0.01 were obtained (Table 4.1). The fluorescence decay curves of the 

photocatalysts are shown in Figure 4.1 (using complex 1 and 1-CoFe2O4 as examples) and 

they show biexponential decays. This type of decay may occur for Pcs due to the formation 

of aggregates which are non-fluorescent, but which can quench the monomer [151]. For the 

Pc-MNP conjugates, the bi-exponential fluorescence lifetimes could be due to the orientation 

of the Pcs around the MNPs [152]. Fluorescence lifetimes for Pcs are generally short and 

highly dependent on the nature of the central metal ion and substituents on the Pc. The 
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obtained fluorescence lifetimes for complex 1 and 1-CoFe2O4 are 3.00 [58] and 2.89 ns, 

respectively while those for complex 2 and 2-CoFe2O4-COOH are 2.79 [60] and 2.60 ns, 

respectively. The shortening in fluorescence lifetimes corresponds to the decrease in 

fluorescence quantum yields. 

 

 

Figure 4.1: Fluorescence lifetime decay curve of (i) 1 and (ii) 1-CoFe2O4 conjugate in 

DMSO where λexc = 619 nm. 

 

The fluorescence quantum yields of Pc complexes 3 and 5 are reported herein for the first 

time wherein the Pcs are compared based on the former being symmetrical and the latter 

being unsymmetrical. Complexes 3 and 5 were found to have fluorescence quantum yields of 

0.067 and 0.055, respectively and fluorescence lifetimes of 9.07 and 6.16 ns, respectively 

(Table 4.1). 

 

Complexes 4 and 6 were also compared based on the former being symmetrical and the latter 

being unsymmetrical and them having different number of carboxylic acid groups for amide 

bond formation with the CoFe2O4-NH2 MNPs. Complex 6 and its conjugate (6-CoFe2O4) 
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were found to have fluorescence quantum yields of 0.14 and 0.078 respectively and 

fluorescence lifetimes of 7.60 and 3.14 ns respectively. However, there were no fluorescence 

values for complex 4 and its conjugate (4-CoFe2O4) due to their aggregation in water. The 

presence of aggregates has been reported to decrease quantum yields through the conversion 

of electronic excitation energy of fluorophores to vibrational energy [153]. 

 

Complexes 2 and 7 were compared based on them having different number of amine groups 

available for amide bond formation. The effect of amide bond formation or just mixing Pcs to 

MNPs (no covalent bond) on the photophysical properties of Pcs was also evaluated. As 

mentioned above, complex 2 has a fluorescence quantum yield of 0.06 [60] and that of 

complex 7 is 0.11 [63]. Upon amide bond linkage of the Pc complexes with CoFe2O4-GSH 

MNPs, the conjugates (2-CoFe2O4-GSH and 7-CoFe2O4) were found to have fluorescence 

quantum yields of <0.01 and 0.058, respectively and lifetimes of 2.20 and 2.29, respectively. 

Fluorescence quantum yields of 0.02 and 0.062 were found for 2-CoFe2O4-GSH (mix) and 7-

CoFe2O4 (mix), respectively as well as fluorescence lifetimes of 2.60 and 2.46 ns 

respectively.  

 

A decrease in both the fluorescence quantum yields and lifetimes was observed for all the 

conjugates compared to the Pcs alone. These results therefore show that in the presence of 

MNPs, most of the energy of the excited photosensitizer is transferred through intersystem 

crossing (ISC) and very little is given off through fluorescence.  
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Table 4.1: Photophysicochemical properties of zinc Pcs and their respective Pc-MNP 

conjugates. Capping ligands are shown in denoting the conjugates of complex 2 for clarity 

since different ligands were employed. 

 

Catalyst Solvent abs
 

(nm) 

 

Log ε at  

Q band maxima 

F F 

(ns) 

T T  

(µs) 

∆ 

1 DMSO 678
a 

678 (5.27)
a
 0.1

a
 3.00

a
 0.49

a
 238

a
 0.17

a
 

1-CoFe2O4 DMSO 678 - <0.01 2.89 0.63 278 0.59 

2 DMSO 686
b 

686 (5.30)
b
 0.06

b
 2.79

b
 0.51

b
 315

b
 0.38

b
 

2-CoFe2O4-COOH DMSO 686 - <0.01 2.60 0.76 317 0.65 

2-CoFe2O4-GSH DMSO 

 

686 - <0.01 

0.02
d
 

2.20 

2.60
d
 

0.85 

0.70
d
 

256 

270
d
 

0.62 

0.58
d
 

3 Toluene 680 680 (5.06) 0.067 9.07 0.71 69.0 0.39 

4 Water 683 - - - - - 0.24 

4-CoFe2O4 Water 683 - - - - - 0.42 

5 Toluene 676 676 (5.20) 0.055 6.16 0.76 37.7 0.47 

6 DMSO 676 676 (5.21) 0.14 7.60 0.82 129 0.57 

6-CoFe2O4 DMSO 676 - 0.078 3.14 0.88 96.4 0.62 

 7 DMSO 689
c
 689 (5.21) 

c
 0.11

c
 2.53

c
 0.83

c
 351

c
 0.30

c
 

7-CoFe2O4 DMSO 

 

689 

 

- 0.058 

0.062
d
 

 

2.29 

2.46
d
 

0.88 

0.85
d
 

355 

342
d
 

0.65 

0.50
d
 

a
values from Reference [58] 

b
values from Reference [60] 

c
values from Reference [63] 

d
values for the mixed composites; 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) respectively 
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4.2 Triplet Quantum Yields (  ) and Lifetimes (T) 

The triplet decay curves of the complexes showed first order kinetics as shown in Figure 

4.2 (using 1-CoFe2O4 as an example) and the triplet state parameters (    F) were then 

determined experimentally using laser flash photolysis. The essence of conjugating the Pcs 

to the MNP was to enhance ISC thereby further populating the triplet sate of the excited Pc 

so as to enhance the singlet oxygen production which facilitates photocatalysis. As shown in 

Table 4.1, triplet quantum yields of complexes 1 and 2 are 0.49 [58] and 0.51 [60] 

respectively while those of 1-CoFe2O4 and 2-CoFe2O4-COOH were found to be 0.63 and 

0.76, respectively. Although there is an observed enhancement in the triplet quantum yields 

of both the Pc complexes after conjugation to MNPs, the results however show a greater 

enhancement for complex 2 in 2-CoFe2O4-COOH, with a larger loading of  Pc than 1-

CoFe2O4 (Table 3.2). The increase in triplet quantum yields for both Pcs after conjugation 

to MNPs is due to the heavy atom effect of the CoFe2O4 MNPs which enhances ISC of the 

excited Pcs. The triplet lifetimes for complexes 1 and 2 are shown in Table 4.1 wherein 

they increased with increase in the triplet quantum yield. The triplet lifetimes for complexes 

1 and 2 are 238 [58] and 315 µs [60], respectively and increased upon conjugation to 278 

and 317 µs for 1-CoFe2O4 and 2-CoFe2O4-COOH, respectively (only slightly for the latter). 

It is expected that when triplet quantum yields increase that triplet lifetimes will decrease 

[154]. The lengthening of the triplet lifetimes for complexes 1 and 2 in the presence of 

MNPs could be due to their shielding by the MNPs which are larger in size.  

As stated before complexes 3 and 5 do not have the necessary functional groups for 

conjugation to MNPs. The obtained triplet quantum yields for the Pcs alone though were 

found to be 0.71 and 0.76 respectively, showing that the unsymmetrical Pc (5) has a slightly 
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higher triplet quantum yield than the symmetrical Pc (3). The obtained triplet lifetimes are 

of 69.0 and 37.7 µs for complexes 3 and 5 respectively in toluene, Table 4.1.  
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Figure 4.2: Monoexponential triplet decay curve of 1-CoFe2O4 conjugate in DMSO. 

Since the quantification of the triplet quantum yield of Pcs in water using the laser flash 

photolysis reported herein is not possible, the triplet quantum yield of complex 4 and its 

conjugate (4-CoFe2O4) could not be determined as no signal is observed in water. As shown 

in Table 4.1 however, triplet quantum yields of complex 6 and its conjugate (6-CoFe2O4) 

were found to be 0.82 and 0.88, respectively. The increase is due to the heavy atom effect as 

explained before. There was an observed decrease in the triplet lifetime with increase in 

triplet quantum yield wherein the triplet lifetimes of complex 6 and 6-CoFe2O4 were found to 

be 129 and 96.4 µs respectively. Thus the increase in the triplet lifetimes that was observed 

for 1-CoFe2O4 is not observed for 6-CoFe2O4 even though they are conjugated to the same of 

CoFe2O4-NH2 MNPs. This is possibly because the ζ C–H bonds of the tert-butyl substituents 

in complex 6 may exhibit what is known as the „„loose bolt‟‟ effect which is attributed to the 

vibration of bonds set off by the parent molecule. The „„loose bolt‟‟ effect accelerates internal 
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conversion (IC) since electronic energy „„leaks out‟‟ through C–H vibrations [140], hence the 

triplet lifetimes are shortened for 6-CoFe2O4 and not for 1-CoFe2O4. 

As mentioned before, the triplet quantum yield of complex 2 is 0.51 [60]. It changed upon 

covalent linkage with CoFe2O4-GSH MNPs resulting in 2-CoFe2O4-GSH to of 0.85. When 

the Pc and MNPs were just mixed together (2-CoFe2O4-GSH (mix)), a composite with a 

triplet quantum yield of 0.70 was obtained. These results show that the heavy atom effect of 

the CoFe2O4-GSH MNPs can be greater when there is covalent bond formation between the 

Pc and MNPs. The triplet quantum yield of complex 7 is 0.83 [63] while those of 7-CoFe2O4 

and 7-CoFe2O4 (mix) were found to be 0.88 and 0.85, respectively, showing an insignificant 

increase for 7-CoFe2O4 (mix). The reported triplet lifetime for complex 2 is 315 µs [60] while 

2-CoFe2O4-GSH and 2-CoFe2O4-GSH (mix) were found to have triplet lifetimes of 256 and 

270 µs respectively. The reported triplet lifetime for complex 7 on the other hand is 351 µs 

[63] while 7-CoFe2O4 and 7-CoFe2O4 (mix) were found to have triplet lifetimes of 355 and 

342 µs respectively. Based on the increase in the triplet quantum yields for the Pc-MNP 

conjugates reported in this work, an increased ability to produce singlet oxygen is expected.   

 

4.3 Singlet Oxygen Quantum Yield (  ) 

The    values were determined using DPBF and ADMA as singlet oxygen quenchers in 

organic and aqueous solvents respectively. The Φ∆ values were determined using ZnPc in 

DMSO where Φ∆
Std

 = 0.67 [143] and toluene where Φ∆
Std

 = 0.58 [144]. AlPcSmix was 

employed as a standard (Φ = 0.42 [144]) for the water soluble Pc.  
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With increase in the triplet quantum yield, the singlet oxygen quantum yield is also expected 

to increase because the more populated the triplet state is, the more singlet oxygen is 

produced. The decay of DPBF upon irradiation is shown in Figure 4.3, wherein complex 6 

was used as an example. There were no significant changes in the intensity of the Q band in 

DMSO or toluene for the period of irradiation time, indicating stability of the Pcs and their 

conjugates (Figure 4.3 (A)). The degradation of DPBF was monitored at 417 nm and was 

due the production of singlet oxygen. This means that the rate of decay of the DPBF is 

directly related to the production of singlet oxygen. In the case of the water soluble Pc, 

complex 4 and its conjugate (4-CoFe2O4), the decay of ADMA was monitored at 380 nm and 

there were no changes in the intensity of the Q band of the Pc (Figure 4.3 (B)). 

 

As shown in Table 4.1, the reported singlet oxygen quantum yields for complexes 1 and 2 

alone are 0.17 [58] and 0.38 [60] respectively, while those of 1-CoFe2O4 and 2-CoFe2O4-

COOH were found to be 0.59 and 0.65 respectively.  Even though 2-CoFe2O4-COOH was 

found to have a higher singlet oxygen quantum yield than 1-CoFe2O4, the extent of 

enhancement of the singlet oxygen production shows that complex 1 improved by 0.42 in 1-

CoFe2O4 while complex 2 improved by 0.27 in 2-CoFe2O4-COOH.  This is in contrast to 

what was expected considering that 2-CoFe2O4 has 6 bound Pcs and 1-CoFe2O4 has 4 (Table 

3.2). Therefore the longer linkage chain in 2-CoFe2O4-COOH might allow for more Pcs to 

bind, but it suppresses the enhancement of the singlet oxygen generation of the Pcs, possibly 

due to increase in the nanoparticles size. The larger nanoparticles possibly reduce the 

efficient energy transfer between the excited triplet state of the Pc and the ground state 

molecular oxygen [155]. 
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The obtained singlet oxygen quantum yields for complexes 3 and 5 are 0.39 and 0.47 

respectively in toluene, Table 4.1. The results correlate to the triplet quantum yields wherein 

the unsymmetrical complex 5 has a higher singlet oxygen quantum yield than the 

symmetrical complex 3. The obtained singlet oxygen quantum yield for complex 4 is 0.24 

and that of 4-CoFe2O4 is 0.42 in water while complex 6 and its conjugate (6-CoFe2O4) have 

singlet oxygen quantum yields of 0.57 and 0.62 respectively in DMSO, Table 4.1. 

 

As mentioned, the reported singlet oxygen quantum yield for complex 2 is 0.38 [60] while 2-

CoFe2O4-GSH and 2-CoFe2O4-GSH (mix) have singlet oxygen quantum yields of 0.62 and 

0.58, respectively, Table 4.1. Complex 7 on the other hand has a singlet oxygen quantum 

yield of 0.30 [63] while 7-CoFe2O4 and 7-CoFe2O4 (mix) were found to have singlet oxygen 

quantum yields of 0.65 and 0.50, respectively.  The results show that the enhancement of 

singlet oxygen production is greater when there is a covalent linkage between the Pc and 

MNP and not just a mixture. Results also show that even though complex 7 was found to 

form less amide bonds with the GSH-CoFe2O4 MNPs (Chapter 3), it still has a greater 

enhancement of its singlet oxygen quantum yield when conjugated to the GSH-CoFe2O4 

MNPs than complex 2. When conjugated to Fe3O4 MNPs, the singlet oxygen quantum yield 

of complex 7 was found to be 0.41 [63] compared to the 0.65 found here when GSH-CoFe2O4 

MNPs are used. Thus, the conjugation of Pcs to mixed metal MNPs (CoFe2O4-GSH MNPs in 

this case) as opposed Fe3O4 MNPs better enhances the singlet oxygen generation of the Pcs. 
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Figure 4.3: Absorption spectral changes for the quantification of singlet oxygen quantum 

yield for (A) complex 6 in 8.52 x 10
-5

 molL
-1

 DPBF at 20 second irradiation intervals in 

DMSO and (B) complex 4 in 3.60 x 10
-5

 molL
-1

 ADMA at 15 minute irradiation intervals in 

water. 
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Closing Remarks 

The photophysical and photochemical properties of Pcs and their respective Pc-MNP 

conjugates were determined. Due to the ability of the Pcs and their respective composites to 

generate singlet oxygen when dissolved in solution, some of these photoactive molecules 

were incorporated in electrospun fibers and characterized as discussed in the next chapter.  
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CHAPTER 5 

Results and Discussion 
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5. Electrospun polymer fibers 

 

This chapter reports on the microscopic, spectroscopic, and photophysicochemical 

properties of electrospun fibers that have been functionalised with Pcs, CoFe2O4 MNPs 

and Pc-CoFe2O4 conjugates. 

5.1 Characterisation of functionalised electrospun fibers 

Polystyrene (PS) was used to embed Pc complexes 1 and 2, CoFe2O4-NH2 MNPs, CoFe2O4-

COOH and their respective conjugates (1-CoFe2O4 and 2-CoFe2O4-COOH) to get CoFe2O4-

NH2/PS, CoFe2O4-COOH/PS, 1/PS, 2/PS, 1-CoFe2O4/PS and 2-CoFe2O4/PS (please note that 

2-CoFe2O4-COOH is represented without -COOH when electrospun for simplicity and is 

denoted 2-CoFe2O4/PS). As mentioned before however, there was observed leaching when a 

water soluble (complex 4) was electrospun in PS. Polyamide-6 (PA-6) was then employed as 

a substitute to prevent loss of the photocatalyst and hence additional pollution. PA-6 was 

chosen as it has been successfully used in electrospinning a water soluble Pc before with no 

observed leaching upon application [76]. Pc complexes 4 and 6, CoFe2O4-NH2 MNPs and 

their respective conjugates (4-CoFe2O4 and 6-CoFe2O4) were therefore embedded in PA-6 to 

get CoFe2O4-NH2/PA-6, 4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6 and 6-CoFe2O4/PA-6. As 

mentioned before, complexes 3 and 5 were not electrospun as their conjugation to CoFe2O4 

MNPs was not possible (ester functional groups) hence enhancement of their singlet oxygen 

quantum yields and photocatalytic behaviour was not possible either. Pc complex 7 and its 

respective conjugate (7-CoFe2O4) were not electrospun due to time constraints. The 

characterisation of the functionalised PS and PA-6 fibers is reported below. 
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5.1.1 Scanning Electron Microscopy (SEM) 

SEM analyses were conducted for the electrospun fibers before and after embedding them 

with the compounds so as to obtain their topography and size distribution. The images of PS 

alone, 1/PS and 1-CoFe2O4/Ps  (as examples) are shown in Figure 5.1. The images reveal 

that there is an even distribution of fibers and an increase in fiber diameter with modification 

with the extent of increase being greater for incorporation of Pc-MNP conjugates than the Pc 

alone. The values for the diameters of all the functionalised PS fibers are shown on Table 

5.1. The SEM images also reveal that the fibers are cylindrical and unbranched with 

relatively smooth surfaces even after incorporation of the Pcs, MNPs and Pc-MNP 

conjugates.  Similar behaviour was observed for 2/PS and 2-CoFe2O4/PS (figures not shown 

but diameters listed in Table 5.1). Thus, the larger sized 2-CoFe2O4-COOH (17.67 nm by 

DLS) resulted in a larger fiber diameter than the smaller 1-CoFe2O4 (14.11 nm by DLS), 

suggesting that the size of the nanoparticles affects their electrospun fiber diameter. 

 

 

 

 

 

 

 

 

 

   A B C 

0.35 µm 0.85 µm 1.49 µm 

Figure 5.1: SEM images of (A) PS only, (B) 1/PS and (C) 1-CoFe2O4/PS, and their 

corresponding histograms (showing size distribution of the fibers). 
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The images of PA-6 alone, 4/PA-6 and 4-CoFe2O4/PA-6 (as examples) are shown in Figure 

5.2. The images reveal fibers with cylindrical, unbranched and have smooth surfaces. Just as 

with PS, there is an observed increase in the PA-6 fiber diameter with modification with the 

extent of increase being greater for incorporation of Pc-MNP conjugates compared to the Pc 

alone. The PA-6 fiber diameters were  observed to be a lot  smaller than PS fibers, even after 

functionalisation, this could be possibly due to the fact that 120 mg of the photocatalysts were 

electrospun in PS compared to the 40 mg that was used in the PA-6 fibers. Different amounts 

of the photocatalysts were used due to low synthetic yields obtained for the unsymmetrical Pc 

(complex 6) than the symmetrical complexes. In the case of complex 4, 40 mg was used 

because a comparative study on the photocatalytic efficiencies of 4/PA-6 and 6/PA-6 was 

conducted hence their preparation was the same. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

A B C 

0.18 µm 0.31 µm 0.43 µm 

Figure 5.2: SEM images of (A) PA-6 only, (B) 4/PA-6 and (C) 4-CoFe2O4/PA-6, and their 

corresponding histograms (showing size distribution of the fibers). 
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5.1.2 Surface area and Porosity analyses 

5.1.2 Surface area and Porosity analyses 

The nitrogen adsorption-desorption isotherms for the elctrospun PS fibers are shown in 

Figure 5.3 (using PS alone, 1/PS and 1-CoFe2O4/PS as examples) and in Figure 5.4 for 

electrospun PA-6 fibers (using PA-6 alone, 4/PA-6 and 4-CoFe2O4/PA-6 as examples). The 

isotherms describe the partitioning between gas phase and adsorbed species as a function of 

applied pressure. The BET characterization reveals that all the electrospun fibers show type 

IV sorption isotherms. This is an indication that the fibers have a wide distribution of pore 

sizes wherein there is an indefinite multi-layer formation after completion of the monolayer 

[156]. This suggests that at high pressures there is an increased uptake of adsorbates and as 

pores become filled, an inflection point is reached near the completion of the first adsorbed 

monolayer. The obtained surface areas and pore volumes for the electrospun fibers are listed 

in Table 5.1. The results show that the unfunctionalised fibers; PS and PA-6 have the 

smallest surface areas of 16.15 and 39.33 m
2
/g respectively compared to when they are 

functionalised. The results also show that the fibers functionalised with the Pc-MNP 

conjugates have greater surface areas than those functionalised with the Pcs alone (except for 

4-CoFe2O4). It has been reported before that reducing fiber diameter increases the surface 

area to volume ratio and vice versa [157]. As shown in Table 5.1, results obtained in this 

work do not necessarily follow this phenomenon. 
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Figure 5.3: Nitrogen adsorption-desorption BET isotherms of: A; PS alone, B; 1/PS and C; 

1-CoFe2O4/PS. The black line denotes the absorption while the red lines are desorption of the 

complexes respectively. 

 

 

 

 

 

Figure 5.4: Nitrogen adsorption-desorption BET isotherms of: A; PA-6 alone, B; 4/PA-6 and 

C; 4-CoFe2O4/PA-6. The black line denotes the absorption while the red lines are desorption 

of the complexes respectively. 

5.1.3 Thermal Stability 

The thermal stability of the PS and PA-6 fibers before and after embedding them with the 

photocatalysts was tested. Thermograms comparing the thermal decay profiles of the PS 

fibers using PS only, 1/PS and 1-CoFe2O4/PS as examples are shown on Figure 5.5 (A). The 

   

   

A B C 

A B C 
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thermograms reveal that PS alone possesses the lowest thermal stability. This could be due to 

the mobility and disintegration of the polymer chains upon exposure to heat. The 

thermograms also reveal that upon incorporation of complex 1 and 1-CoFe2O4 into the 

polymer, its thermal stability increased with greater stability being for the 1/PS. The 

increased stability after incorporation of compounds is possibly a result of hindrance effect 

on the movement of the polymer chains.  

Similar behaviour was observed for the PA-6 fibers wherein the fiber on its own was found to 

exhibit the lowest thermal stability. Increased thermal stability was observed upon 

incorporation of the complex 4 and 4-CoFe2O4 into the fibers, for the same reasons explained 

above for PS. However in this case, 4-CoFe2O4/PA-6 possessed the greatest thermal stability, 

Figure 5.5 (B). Comparison of the PS and PA-6 fibers before and after incorporation of the 

photocatalysts shows that the PS fibers possess greater thermal stability than the PA-6 fibers. 

This is possibly because larger amounts of the photocatalysts (120 mg) were electrospun in 

PS that hinders the polymer chain movement better than in PA-6 with less amount of 

photocalysts (40 mg).  
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Figure 5.5: TGA thermograms of (A) i. 1/PS, ii. 1-CoFe2O4/PS, iii. PS only and (B) i. 4/PA-

6,  ii. 4-CoFe2O4/PA-6, iii. PA-6 only. 

5.1.4 UV-visible spectroscopy 

Solid state spectroscopy of the functionalised fibers was conducted so as to prove that the 

photocatalysts and their respective conjugates were embedded in the fibers. As shown in 

Figure 5.6 (A) where the spectra of 1/PS, 2/PS, 1-CoFe2O4/PS and 2-CoFe2O4/PS  are shown 

and Figure 5.6 (B) where the spectra of 4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6 and 6-

CoFe2O4/PA-6 are shown, there is broadening of the spectra due to aggregation, typical for 

Pcs in solid state [158].  There is also an observed red shift of the monomer (low energy 

band) components of the Q band for the complexes compared to when in solution (Table 

5.1), which is common for Pcs in the solid state [159].  The fact that the Q band is observed 

for the Pc within the PS and PA-6 fibers also confirms that it and its respective conjugates are 

embedded in the fiber and remain intact within the fiber following the electrospinning 

process.  
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Figure 5.6: Solid state UV-vis spectra of (A) i. 1/PS, ii. 1-CoFe2O4/PS, iii. 2/PS, iv. 2-

CoFe2O4/PS and (B) i. 4/PA-6, ii. 4-CoFe2O4/PA-6, iii. 6/PA-6 and iv. 6-CoFe2O4/PA-6 

wherein 120 mg and 40 mg of each of the photocatalysts were embedded in PS and PA-6 

respectively. 

5.2 Singlet oxygen generating ability of the functionalised fibers 

The photochemical properties of phthalocyanine-functionalised polymer fibers have been 

reported to be maintained within the solid polymeric matrix [160]. In this work, the singlet 
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oxygen generating abilities of the functionalised polystyrene and polyamide-6 fibers were 

evaluated and reported with the aim of fabricating photocatalytically active fibers. 

As shown in Table 5.1, the Pc and Pc-MNP conjugates reported herein produced singlet 

oxygen which was quantified using DPBF and ADMA as singlet oxygen quenchers in 

organic solvents and water respectively. The singlet oxygen generation of the Pcs and their 

respective conjugates when embedded in fibers was also determined and reported here, where 

ADMA was used as the singlet oxygen quencher in water. ADMA degradation was 

monitored at 380 nm in aqueous solution submerged with 20 mg of the functionalised fibers 

(Figure 5.7 insert). The obtained degradation spectra are shown in Figure 5.7 (using 4/PA-6 

as an example for the ADMA degradation). The lack of the Pc Q band in Figure 5.7 is an 

indication that no leaching of the Pc from the PA-6 fiber occurs even though complex 4 is 

itself water soluble. The singlet oxygen quantum yield values of 1/PS and 2/PS in water were 

found to be 0.20 and 0.40 respectively while those of 1-CoFe2O4 /PS and 2-CoFe2O4/PS were 

found to be 0.60 and 0.63 respectively in water (Table 5.1). The singlet oxygen quantum 

yield values of 4/PA-6 and 6/PA-6 in water were found to be 0.15 and 0.21 respectively while 

those of 4-CoFe2O4 /PA-6 and 6-CoFe2O4/PA-6 were found to be 0.32 and 0.45, respectively 

(Table 5.1). The obtained results show that the Pcs and their respective conjugates maintain 

their photophysical properties in the fibers i.e. the Pc-MNP conjugates have greater Φ∆ than 

their respective Pcs due to the presence of the CoFe2O4 magnetic nanoparticles. Since 120 mg 

of the photocatalysts were electrospun in the PS  fibers compared to the 40 mg that was 

electrospun in the PA-6 fibers, comparison of the singlet oxygen quantum yield values 

obtained in each of the fibers cannot be made.  
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Figure 5.7:  Photodegradation of 1.38 x 10
-5

 molL
-1

 ADMA in the presence of 4/PA-6 in 

water at 15 minute irradiation intervals. Insert = picture of the fiber in the ADMA solution. 
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Table 5.1: Singlet oxygen quantum yields (in water) and other properties of the electrospun 

polystyrene and polyamide-6 fibers. 

 

 

Functionalised 

fibers 

 

 

Fiber 

Diameter 

(µm) 

BET Analysis  

 

abs
a 

(nm) 

 

 

 

  
a 

 

Surface 

Area 

(m
2
/g) 

 

 

Pore 

Volume 

(cm
3
/g) 

 

Surface 

area: 

Volume 

ratio  

(1  10
6
 m

-1
) 

PS only 0.35 16.15 0.20 80.75 

 

- - 

1/PS 0.85 27.70 0.19 145.8 689 

(678) 

0.20 

(0.17) 

1-CoFe2O4/PS 1.49 108.6 1.31 82.90 689 

(678) 

0.60 

(0.59) 

2/PS 0.87 37.83 0.31 122.0 695 

(686) 

0.40 

(0.38) 

2-CoFe2O4/PS 1.65 41.87 0.32 130.8 695 

(686) 

0.63 

(0.65) 

PA-6 only 0.18 39.33  0.25 157.3 - 

 

- 

 4/PA-6 0.31 49.58 0.28 177.1 687 

(683) 

0.15 

(0.24) 

4-CoFe2O4/PA-6 0.43 47.97 0.28 171.3 687 

(683) 

0.32 

(0.42) 
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6/PA-6 0.30 41.62 0.38 109.5 683 

(676) 

0.21 

(0.57) 

6-CoFe2O4/PA-6 0.42 51.82 0.26 199.3 685 

(676) 

0.45 

(0.62) 

 
a
Values in brackets are for the photocatalysts in solution before electrospinning (in DMSO) 

except for complex 4 and its conjugate (4-CoFe2O4) which are in water. 

 

5.3 Closing remarks 

The incorporation of photocatalysts in electrospun fibers was achieved and the photochemical 

properties of these functionalised fibers were then studied. The singlet oxygen generating 

abilities of the Pcs and Pc-CoFe2O4 MNP conjugates were maintained in the solid fibers, thus 

these functionalised polymeric fiber materials could be promising for the photodegradation of 

water pollutants, a subject of the next chapter. 
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CHAPTER 6 

Results and Discussion 
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6. Photocatalytic treatment of organic and inorganic pollutants 

This chapter reports on the application of Pcs, CoFe2O4 MNPs and Pc-CoFe2O4 MNP 

conjugates as photocatalysts in solution as well as their  photocatalytic ability when 

electrospun in polymer fibers. 

Phthalocyanines can be employed as photocatalysts either in solution, in their solid state or 

when embedded in solid support systems [161]. In this work, Pcs are used in conjugation 

with MNPs and embedded in electrospun fibers and they are also used as colloids in solution. 

Since Pcs and their respective conjugates were found to generate adequate singlet oxygen 

even when incorporated into electrospun fibers, the functionalised fibers were applied in the 

photoooxidation of OG and MO while the colloids were applied in the photooxidation of MO 

and photoreduction of Cr(VI).  

6.1 Photooxidation of Orange G (OG) 

6.1.1 Application of Polystyrene (PS) fibers 

Complexes 1 and 2 were conjugated to CoFe2O4-NH2 MNPs and CoFe2O4-COOH MNPs to 

generate 1-CoFe2O4, 2-CoFe2O4-COOH, all of which were electrospun in PS producing 

photocatalytic nanofibers: 1/PS, 2/PS, CoFe2O4-NH2/PS, CoFe2O4-COOH/PS, 1-CoFe2O4/PS 

and 2-CoFe2O4/PS. As explained before, complexes 1 and 2 differ in the terminal groups that 

they have for amide bond formation so the effect of the length of the spacer between the Pcs 

and CoFe2O4 MNPs on their photocatalytic activity is studied. 
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6.1.1.1 UV-vis spectra 

The photocatalytic efficiencies of modified PS fibers (1/PS, 2/PS, CoFe2O4-NH2/PS, 

CoFe2O4-COOH/PS, 1-CoFe2O4/PS, 2-CoFe2O4/PS) were evaluated spectroscopically by 

monitoring the photodegradation of OG after exposure to the functionalised fibers and laser 

irradiations at two minute intervals (Figure 6.1). There was an observed decrease of intensity 

of the absorption peak at 476 nm after laser irradiations as seen in Figure 6.1 (using 1-

CoFe2O4/PS as an example). A pH of 7.4 was used as Pc based photocatalysts have 

successfully degraded OG at similar pH values before [70,72,76].  It has been reported before 

that amongst others, reactions that occur during OG photolysis include: aryl group 

hydroxylation and desulphonation [162]. There was also observed fading of the color of the 

dye solution (Figure 6.1 (Insert)), this was not surprising as it has been reported that the 

double bond in azo dyes determines the colour of the dyes and is very reactive usually 

undergoing oxidative cleavage during photodegradation, leading to fading of their colour 

[55]. Upon application of an unmodified fiber for the photodegradation of the dye, no spectral 

changes were observed. This was therefore an indication that the fiber has no catalytic 

contribution in the degradation process and merely acts a support system for the 

photocatalysts.  

 

6.1.1.2 Kinetics Studies  

Kinetic studies for the degradation of OG were performed and the data is listed in Table 6.1. 

The concentrations of OG used are: 1.80 × 10
−5

, 3.30 × 10
−5

, 4.80 × 10
−5

, 9.10 × 10
−5 

and 

2.65 × 10
−4 

mol L
−1

. Linear plots were obtained for ln(CO/C) versus irradiation time as shown 

in Figure 6.2 (using 1-CoFe2O4/PS as an example),  that being an indication that all the 

reactions using each of the modified fibers follow pseudo first order reaction kinetics.  

 



 
 

108 
 

  

Figure 6.1: Absorption spectral changes of 4.80  10
-5 

molL
-1

 OG solution during visible 

light photocatalysis using 1-CoFe2O4/PS in water with pH 7.4 after 2 minute irradiation 

intervals.  Insert = change in colour of OG solution after fiber has been removed. 

 

 

Figure 6.2:  Pseudo first order kinetics plots for degradation of OG; i. 1.80  10
-5

, ii. 3.30 

10
-5

, iii. 4.60  10
-5

, iv. 9.10  10
-5

 and v. 2.65  10
−4

 molL
−1

 using 1-CoFe2O4/PS at pH7.4.  
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The initial rates of photodegradation of OG increased, while kobs decreased, with an increase 

in the OG concentration, Table 6.1. Similar results have been observed before [70,76]. The 

increase in rates of reaction with increase in its concentration can be attributed to there being 

better collision between the reactant molecules and hence better degradation reactions.  The 

initial rates were found to be greater for the conjugates compared to their respective Pcs 

while the CoFe2O4 nanoparticles showed the least photocatalytic activity.  This is not 

surprising because although ferrites have been reported to possess photocatalytic activity, the 

addition of oxidants such as H2O2 is often required to enhance their ability to produce ROS 

and thus photocatalytic ability. This is because as explained above, the e
-
/ h

+
 pairs tend to 

recombine quickly, reducing the photocatalytic ability of the ferrites [9]. In this work, 

enhancement of the photocatalytic abilities of ferrites is attempted by conjugation of the 

MNPs to Pcs thereby promoting their synergistic interaction.  It has also been reported that 

the size of the nanoparticle, optimising its loading relative to the pollutant (OG in this case), 

mechanical and heat treatment also enhance their photocatalytic efficiencies [9,163]. In this 

work the larger (12 nm from DLS) CoFe2O4-COOH, showed slightly better rates of 

degradation than the smaller (9 nm from DLS) CoFe2O4-NH2 (Table 3.2). It was also 

observed that 2/PS and 2-CoFe2O4/PS have greater degradation rates compared to 1/PS and 

1-CoFe2O4/PS respectively, Table 6.1. This is therefore an indication that the Φ∆ is directly 

related to the photocatalytic ability of the complexes as 2/PS  has a higher Φ∆ than 1/PS (0.40 

and 0.20 respectively) and 2-CoFe2O4/PS has a higher Φ∆ than 1-CoFe2O4/PS (0.63 and 0.60 

respectively, Table 5.1). 

 

The Langmuir–Hinshelwood kinetic model has been successfully applied in solid-liquid 

reactions, and was employed in the degradation of OG using the modified fibers as that also 
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models heterogeneous photocatalytic reactions. The Langmuir-Hinshelwood model was used 

to describe the relationship between the initial rate of degradation of OG and the 

corresponding initial concentration and is expressed as shown in Equation 6.1:  

 

  
  

 

   

 

  
 

 

 
        (6.1) 

where r0 is the initial photocatalytic degradation rate (mol L
−1

 min
−1

), C0 is the initial 

concentration of OG, k is the apparent reaction rate constant (mol L
−1

 min
−1

) and KA is the 

adsorption coefficient. Using data from the degradation, 1/r0 was plotted against 1/C0. Linear 

fits with non-zero intercepts were obtained showing that the photodegradation of OG using 

the modified PS fibers obeys the Langmuir–Hinshelwood kinetics model, Figure 6.3 (using 

1-CoFe2O4/PS and 2-CoFe2O4/PS as examples).  

 

 

Figure 6.3: Plots of the reciprocal of initial reaction rate versus the reciprocal of the initial 

concentration for photodegradation of OG using; i. 2-CoFe2O4/PS and ii. 1-CoFe2O4/PS as 

catalysts at pH 7.4.  
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The Langmuir–Hinshelwood kinetics data is listed in Table 6.2. The value of k was obtained 

from the y-intercept, while KA was obtained from the slope of the line. Obtained results show 

that both k and KA increased for the conjugates relative to their respective Pcs and MNPs. 

This therefore proves that the catalytic activity and adsorption of OG on the catalysts favours 

the Pc-MNP conjugates in fibers than just the Pcs or MNP in the fibers, 2-CoFe2O4/PS being 

the best and the MNPs being the worst.  
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Table 6.1: Rates, rate constants (kobs) and half-lives (t1/2) of various initial concentrations of OG at pH 7.4. Values in brackets are for the 

corresponding conjugates: 1-CoFe2O4/PS and 2-CoFe2O4/PS respectively. 

 

 

 
[OG] 

 10
-5

 

(mol L
-1

) 

kobs 

 (min
-1

) 

Initial Rate 

 (10
-7

 mol L
-1

min
-1

)  

Half-life  

(min) 

1/PS 2/PS CoFe2O4-

NH2/PS 

CoFe2O4-

COOH/PS 

1/PS 2/PS CoFe2O4-

NH2/PS 

CoFe2O4-

COOH/PS 

1/PS 2/PS CoFe2O4-

NH2/PS 

CoFe2O4-

COOH/PS 

1.80
 0.0069 

 

(0.0110) 

0.0084 

 

(0.0160) 

0.0021 

(0.110) 

0.0027 

(0.0160) 

1.24 

(1.98) 

1.51 

(2.88) 

0.38 

(1.98) 

0.49 

(2.88) 

100 

(63) 

83 

(43) 

330 

(63) 

257 

(43) 

3.30 0.0049 

 

(0.0074) 

0.0058 

 

(0.0098) 

0.0018 

(0.0074) 

0.0021 

(0.0098) 

1.62 

(2.44) 

1.91 

(3.23) 

0.59 

(2.44) 

0.69 

(3.23) 

141 

(94) 

119 

(71) 

385 

(94) 

330 

(71) 

4.80 0.0043 

 

(0.0060) 

0.0052 

 

(0.0077) 

0.0015 

 

(0.0060) 

0.0018 

(0.0077) 

1.98 

 

(2.76) 

2.39 

(3.54) 

0.80 

(2.76) 

0.95 

(3.54) 

161 

(116 ) 

133 

(90) 

462 

(116) 

385 

(90) 

9.10 0.0027 

 

(0.0034) 

0.0032 

 

(0.0042) 

0.0010 

(0.0034) 

0.0013 

(0.0042) 

2.46 

(3.09) 

2.91 

(3.82) 

0.91 

(3.09) 

1.18 

(3.82) 

257 

(204) 

217 

(165 ) 

693 

(204) 

533 

(165) 

26.5 0.0011 

 

(0.0014) 

0.0013 

 

(0.0016) 

0.0005 

 

(0.0014) 

0.0006 

 

(0.0016) 

2.92 

 

(3.71) 

3.32 

 

(4.24) 

1.35 

(3.71) 

1.62 

 

(4.24) 

630 

 

(495) 

533 

 

(433) 

1386 

(495) 

1155 

 

(433) 
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Table 6.2: Langmuir–Hinshelwood parameters for the photodegradation of OG in water (pH 

7.4) using 1/PS, 2/PS, CoFe2O4-NH2/PS, CoFe2O4-COOH/PS, 1-CoFe2O4/PS and 2-

CoFe2O4/PS as photocatalysts. 

 

Catalyst k 

(mol L
−1

 min
−1

) 

KA 

(mol
−1

 L) 

R
2 

1/PS 3.16 x 10
-7 

3.64 x 10
4 

0.9897 

2/PS 3.66 x 10
-7 

3.92 x 10
4 

0.9854 

CoFe2O4-NH2/PS 1.84 x 10
-7

 2.54 x 10
4
 0.9879 

CoFe2O4-COOH/PS 1.73 x 10
-7

 2.16 x 10
4
 0.9960 

1-CoFe2O4/PS 3.76 x 10
-7 

6.30 x 10
4 

0.9873 

2-CoFe2O4/PS 4.24 x 10
-7 

1.15 x 10
5
 0.9827 

 

6.1.2 Application of Polyamide-6 (PA-6) fibers 

Complexes 4 and 6, CoFe2O4-NH2 MNPs as well as their respective conjugates were 

electrospun in polyamide-6 to generate 4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6, 6-CoFe2O4/PA-6 

and CoFe2O4-NH2/PA-6, followed by their application in the photooxidation of OG. 

Comparison on the photocatalytic efficiencies of the photocatalysts is based on complex 4 

being symmetrical and water soluble and complex 6 being usymmetrical and insoluble in 

water. 
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6.1.2.1  UV-vis spectra 

Photodegradation efficiencies of the functionalised fibers (CoFe2O4-NH2/PA-6, 4/PA-6, 

6/PA-6, 4-CoFe2O4/PA-6 and 6-CoFe2O4/PA) were evaluated by again spectroscopically 

monitoring the degradation of OG in the presence of the photocatalysts and laser irradiations 

of ten minutes. Similar degradation conditions were employed and hence similar spectra were 

obtained as the one shown in Figure 6.1.  

 

6.1.2.2 Kinetics Studies 
 

The photocatalysts were applied in the degradation of five concentrations of OG; 2.95  10
-5

 

mol L
-1

, 4.31  10
-5

 mol L
-1

, 5.53  10
-5 

mol L
-1

, 7.53  10
-5

 mol L
-1

 and 1.08  10
-4

 mol L
-1

.  

The initial rates of photodegradation of OG increased, while kobs decreased, with an increase 

in the OG concentration, with both values being greatest for the conjugates in the fibers (4-

CoFe2O4/PA- and 6-CoFe2O4 /PA-6) compared to their respective Pcs in fibers (4/PA-6 and 

6/PA-6, Table 6.3).  

 

For the same reasons mentioned before, fibers functionalised with the CoFe2O4–NH2 MNPs 

were found to possess the lowest photocatalytic activity.  No conclusive comparison could be 

made on the rates of degradation of OG using the PS and PA-6 fibers because of different OG 

concentrations used, different irradiation times (two minutes irradiations for former and ten 

minutes for latter) and different amounts of incorporated catalysts (120 mg for former and 40 

mg for latter) that were used in each of the fibers. 
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Table 6.3: Rates, rate constants (kobs) and half-lives (t1/2) of various initial concentrations of OG at pH 7.4. Values in brackets are for the 

electrospun Pc-MNP conjugates; 4-CoFe2O4/PA-6 and 6-CoFe2O4/PA-6.   

[OG] 

 10
-5

 

(mol L
-1

) 

kobs 

 (min
-1

) 

Rate 

(10
-6

  mol L
-1

 min
-1

) 

t1/2 

(min) 

CoFe2O4-NH2/PA-6 4/PA-6 6/PA-6
 

CoFe2O4-NH2/PA-6 4/PA-6 6/PA-6
 

CoFe2O4-NH2/PA-6 4/PA-6
 

6/PA-6 

2.95 0.0040 

 

0.0419 

(0.0492) 

0.0425 

(0.0544) 

0.118 1.24 

 (1.45) 

1.25 

(1.60) 

173.3 16.54 

(14.09) 

16.31 

(12.74) 

4.31 0.0029 

 

0.0307 

(0.0362) 

0.0312 

(0.0383) 

0.125 1.32 

 (1.56) 

1.34 

(1.65) 

239.0 22.57 

(19.14) 

22.21 

(18.09) 

5.53 

 

0.0025 

 

0.0248 

(0.0291) 

0.0248 

(0.0307) 

0.135 1.37 

(1.61) 

1.37 

(1.70) 

277.2 27.94 

(23.81) 

27.94 

(22.57) 

7.53 0.0019 0.0183 

(0.0220) 

0.0186 

(0.0231) 

0.143 1.38 

(1.66) 

1.40 

(1.74) 

364.7 37.87 

(31.50) 

37.26 

(30.00) 

10.8 

 

0.0014 

 

0.0133 

(0.0156) 

0.0135 

(0.0167) 

0.151 1.44 

(1.68) 

1.46 

(1.80) 

495.0 52.11 

(44.42) 

51.33 

(41.50) 
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Similar plots as those seen in Figure 6.2 were obtained when ln (CO/C) versus irradiation 

time were plotted, this therefore being an indication that photodegradation of OG using the 

functionalised fibers (4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6, 6-CoFe2O4/PA-6 and CoFe2O4-

NH2/PA-6) follows pseudo first order kinetics. 

 

The Langmuir–Hinshelwood kinetics model (Equation 6.1) was applied and plots of 1/r0 

against 1/C0 gave linear fits with non-zero intercepts were obtained, similar to those in 

Figure 6.3. The results therefore show that the photodegradation of OG using the 

functionalised fibers reported herein obeys the Langmuir–Hinshelwood kinetics model. The 

obtained Langmuir–Hinshelwood kinetics data is listed in Table 6.4. The obtained results 

show that both k and KA were greater for the Pc-MNP conjugates relative to their respective 

Pcs and MNPs. The obtained results therefore prove that the catalytic activity and adsorption 

of OG on the catalysts favours the Pc-MNP conjugates in fibers than just the Pcs or MNP in 

the fibers, 6-CoFe2O4/PA-6 (with the highest singlet oxygen) being the best and the CoFe2O4-

NH2/PA-6 being the worst.  
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Table 6.4: Langmuir–Hinshelwood parameters for the photodegradation of OG in water (pH 

7.4) using CoFe2O4-NH2, 4/PA-6, 6/PA-6, 4-CoFe2O4/PA-6 and 6-CoFe2O4/PA-6 as 

photocatalysts. 

 

 

Catalyst 

k 

(mol L
−1

 min
−1

) 

 10
-6 

 

KA 

(mol
−1

 L) 

 

R
2 

CoFe2O4-NH2/PA-6 1.67 8.21   10
4 

 

0.9673 

4/PA-6 1.52 1.37   10
5 

 

0.9802 

6/PA-6 1.54
 

1.45   10
5 

 

0.9866 

4-CoFe2O4/PA-6 1.81 1.64   10
5 

 

0.9874 

6-CoFe2O4/PA-6 1.87 2.91   10
5 

 

0.9647 

 

 

6.2  Photooxidation of Methyl Orange (MO) with PA-6 fibers 

6.2.1 UV-vis spectra 

Using the same degradation conditions, the functionalised fibers (4/PA-6, 6/PA-6, 4-

CoFe2O4/PA-6, 6-CoFe2O4/PA-6 and CoFe2O4-NH2/PA-6) were applied on a different 

analyte, Methyl Orange (MO) for comparison and specificity purposes. There was an 

observed decrease in the intensity of the absorption peak at 464 nm for MO with irradiation 

intervals of ten minutes; Figure 6.4 (using degradation with 4-CoFe2O4/PA-6 as an example).  

Just as with OG, photodegradation was conducted at room temperature in unbuffered water 

with pH of 7.4. There was also observed fading in the color due to the oxidation of the azo 

bond as explained for OG.  
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Figure 6.4: Absorption spectral changes of 10.8 x 10
-5 

molL
-1

 MO during visible light 

photocatalysis using 4-CoFe2O4/PA-6 in water with irradiation intervals of 10 min, pH 7.4.  

 

6.2.2 Kinetics Studies  

The photocatalysts were applied in the degradation of five concentrations of MO; 2.95  10
-5

 

mol L
-1

, 4.31  10
-5

 mol L
-1

, 5.53  10
-5 

mol L
-1

, 7.53  10
-5

 mol L
-1

 and 1.08  10
-4

 mol L
-1

 

just as with OG.  Similar plots as those shown in Figure 6.2 were obtained when ln (CO/C) 

versus irradiation time were plotted, an indication that MO photodegradation using 4/PA-6, 

6/PA-6, 4-CoFe2O4/PA-6, 6-CoFe2O4/PA-6 and CoFe2O4-NH2/PA-6 also follows pseudo first 

order kinetics. However the obtained results show that the degradation of MO is not 

agreement with the Langmuir–Hinshelwood kinetics model. Unlike OG, the initial rates of 

photodegradation and rate constants (kobs) were found to decrease, and the half-lives 

increased with increase in the MO concentration (Table 6.5). Similar results have been 

observed before [69,72] and reasons as to why the different dyes react differently is of 

interest and will be studied further in future. The rates of photodegradation and kobs were 
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found to be greatest for the conjugates in the fibers; 4-CoFe2O4/PA- and 6-CoFe2O4/PA-6 

than their respective Pcs in fibers; 4/PA-6 and 6/PA-6. The results therefore confirm that the 

Φ∆ is directly related to the photocatalytic efficiencies of the photocatalysts. In the 

degradation of both dyes, the CoFe2O4-NH2/PA-6 were found to possess the lowest 

photocatalytic activity for the same reasons explained for CoFe2O4-NH2/PS. 

 

Comparison of the degradation efficiencies of the functionalised fibers in the degradation  the 

same concentrations of both pollutants (OG and MO) at the same degradation conditions 

shows that all the photocatalysts possessed better activity in the degradation of OG than MO. 

This can be attributed to parameters such as pH as it has been reported before that the 

degradation of MO is enhanced at pH values in the range 2-3 [164,165]. However pH 7.4 was 

used in this study for efficient comparison of degradation efficiencies between OG and MO 

under the same conditions.  Parameters such as catalyst loading relative to dye concentration 

could have also affected the obtained results.  

 

. 
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Table 6.5: Rates, rate constants (kobs) and half-lives (t1/2) of various initial concentrations of MO using the functionalised fibers; CoFe2O4-

NH2/PA-6, 4/PA-6, and 6/PA-6 at pH 7.4. Values in brackets are for the electrospun Pc-MNP conjugates; 4-CoFe2O4/PA-6 and 6-CoFe2O4/PA-

6. 

 

[MO] 

 10
-5

 

(mol L
-1

) 

kobs 

 (min
-1

) 

Rate 

(10
-7

  mol L
-1

 min
-1

) 

t1/2 

(min) 

CoFe2O4-NH2/PA-6 4/PA-6
 

6/PA-6 CoFe2O4-NH2/PA-6 4/PA-6
 

6/PA-6 CoFe2O4-NH2/PA-6 4/PA-6 6/PA-6
 

2.95 0.0035 

 

0.0113 

(0.0155) 

0.0115 

(0.0198) 

1.03 3.33 

(4.57) 

3.39 

(5.84) 

198.0 61.33 

(44.71) 

60.26 

(35.00) 

4.31 0.0020 

 

0.0075 

(0.0104) 

0.0075 

(0.0133) 

0.862 3.23 

(4.48) 

3.23 

(5.73) 

346.5 92.40 

(66.63) 

92.40 

(52.11) 

5.53 

 

0.0014 

 

0.0054 

(0.0075) 

0.0056 

(0.0096) 

0.774 2.98 

(4.15) 

3.10 

(5.31) 

495.0 128.3 

(92.40) 

123.8 

(72.19) 

7.53 0.0013 0.0031 

(0.0042) 

0.0033 

(0.0054) 

0.979 2.33 

(3.16) 

2.48 

(4.07) 

533.1 223.5 

(165.0) 

210.0 

(128.3) 

10.8 

 

0.0003 

 

0.0014 

(0.0019) 

0.0013 

(0.0024) 

0.324 1.51 

(2.05) 

1.40 

(2.59) 

2310 495.0 

(364.7) 

533.1 

(288.8) 
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6.2.3 Reusability studies 

 

As explained before, the essence of conjugating the Pcs to the CoFe2O4 MNPs and 

electrospinning the composites was to design retrievable and hence reusable photocatalysts. 

SEM analysis and UV-vis spectroscopy of the fibers after application in photooxidation were 

run (using 6-CoFe2O4-PA-6 as an example). This was to check if the Pc remained within the 

fiber even after application and to check if the topography of the fibers was not altered with 

application. 

As shown in Figure 6.5, the topography of the fiber is maintained while the solid state UV-

vis spectrum (Figure 6.5) shows a slight decrease in the absorbance of 6-CoFe2O4/PA-6 fiber 

relative to when it was applied initially (Figure 5.6 (B)).There is also an observed band 

between 400-500 nm which could possibly be the adsorbed MO on the surface of the fiber. 

 

 

 

 

 

 

Figure 6.5: (A) SEM image of a used 6-CoFe2O4/PA-6 fiber and (B) Solid state UV-vis 

spectrum of 6-CoFe2O4/PA-6. 

 

From the results obtained from characterising the used fibers, it can be concluded that since 

the Pc remains intact in the fiber after use, the fiber can be reused for numerous 

phototoxidation experiments.  

 

 

  (A) (B) 
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6.3 Dual photooxidation of MO and photoreduction of Cr(VI) 

 

Since Pc-MNP based composites were found to exhibit photocatalytic behaviour even when 

embedded in polymer fibers, their phocatalytic efficiencies when used as colloids in solution 

were studied too. Pc complexes that are not water soluble (using complexes 2 and 7 as 

examples) were used so no increased pollution due to the photocatalysts would be observed. 

Complexes 2 and 7 were conjugated to glutathione capped CoFe2O4 MNPs (CoFe2O4-GSH 

MNPs) and their photocatalytic efficiencies evaluated. The photooxidation properties of the 

composites were evaluated using MO as the model compound. Their photoreduction 

efficiencies were also evaluated, using Cr(VI) as a model compound with the aim of creating 

bifunctional composites that facilitate simultaneous photooxidation and photoreduction. As 

mentioned before, the reason the MNPs were capped with glutathione is because in addition 

to it having the appropriate terminal groups for amide bond formation with the Pc complexes, 

glutathione has itself been reported to possess photoreduction ability for Cr(VI) before [166, 

167].  The effectiveness of the covalent linkage in enhancing the photocatalytic ability of the 

conjugates is also studied.  This is done by preparing a mixture of the GSH-CoFe2O4 MNPs 

and complexes 2 and 7 respectively with no amide bond formation resulting in 2-CoFe2O4-

GSH (mix) and 7-CoFe2O4 (mix), respectively.  
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6.3.1 Photooxidation of Methyl Orange (MO) 

6.3.1.1 UV-vis spectra 

 

Photooxidation efficiencies of CoFe2O4-GSH MNPs, complexes 2 and 7, 2-CoFe2O4-GSH, 7-

CoFe2O4, 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) were evaluated. This was done by 

spectroscopically monitoring the photodegradation of MO upon exposure to the compounds 

and laser irradiations. Photooxidation was conducted at room temperature with pH of 2.75 

because as mentioned before, the photodegradation of MO is enhanced at pH values in the 

range 2-3 [164,165]. Evidently the electronic absorption of MO is pH dependent as there was 

an observed decrease of intensity of the absorption peak at 506 nm with laser irradiation at 

two minute intervals (Figure 6.6, using 2-CoFe2O4-GSH as an example) unlike the 

previously observed decrease at 464 nm (Figure 6.4, pH 7.4). Irradiation intervals of 10 

minutes were used to achieve efficient degradation at pH 7.4 (Figure 6.4) as opposed to the 2 

minutes irradiations at pH 2.75 (Figure 6.6). The peak at 506 nm corresponding to the azo 

bond decreases in intensity as the sample is irradiated in the presence of the 2-CoFe2O4-GSH 

while the bands below 330 nm on the other hand increased in intensity. The latter bands are 

due to the benzene rings [168,169]. The obtained spectra therefore suggest that the benzene 

rings remain intact and are not degraded during the photooxidation process unlike in Figure 

6.6.  There was also observed fading of the solution colour for the same reasons mentioned 

before for OG. Since the Pc complexes used for the study are not water soluble, there is no 

observed Pc Q band in the degradation spectra (Figure 6.6).  
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Figure 6.6: Electronic absorption spectral changes of 2.67 x 10
-5 

molL
-1

 MO solution during 

visible light photocatalysis using 2-CoFe2O4-GSH in water with irradiation intervals of 2 

min, pH 2.75.  

 

6.3.1.2 Kinetics studies  

The photocatalysts were applied in the degradation of five concentrations of MO; 1.36  10
-5

 

mol L
-1

, 1.85  10
-5

 mol L
-1

, 2.13  10
-5 

mol L
-1

, 2.67  10
-5

 mol L
-1

 and 3.40  10
-5

 mol L
-1

 

with a catalyst loading of 1.5 mg/mL solution.  Similar plots as those shown in Figure 6.2 

were obtained when ln (CO/C) versus irradiation time were plotted, an indication that MO 

photodegradation using complexes 2 and 7, 2-CoFe2O4-GSH, 2-CoFe2O4-GSH (mix), 7-

CoFe2O4 and 7-CoFe2O4 (mix) also follow pseudo first order kinetics. The initial rates and 

rate constants (kobs) for the photodegradation of MO decreased (while the half-lives 

increased) with an increase in the MO concentration, Table 6.6.  Both values were found to 

be approximately similar for 2-CoFe2O4-GSH and 7-CoFe2O4, with both conjugates showing 

larger values than for complexes 2 and 7 and the mixed composites (2-CoFe2O4-GSH (mix) 
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and 7-CoFe2O4 (mix)). The conjugates with amide bond linkage (2-CoFe2O4-GSH and 7-

CoFe2O4) showed better photocatalytic activity in the degradation of MO than 2-CoFe2O4-

GSH (mix) and 7-CoFe2O4 (mix) (no amide bond). This could be due to 2-CoFe2O4-GSH and 

7-CoFe2O4 having higher singlet oxygen quantum yields (0.62 and 0.65 respectively) than 2-

CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) (0.58 and 0.50 respectively, Table 4.1) even 

though in DMSO and not as colloids in water. 

  

The CoFe2O4-GSH MNPs on the other hand were found to have negligible photocatalytic 

activity unlike the CoFe2O4-NH2 and CoFe2O4-COOH MNPs. This could possibly be an 

indication that the functionalization on the MNPs does affect the recombination of the e
-
/ h

+
 

pairs, possibly enhancing or reducing their photocatalytic ability.  When the photocatalysts 

were employed in the absence of irradiation and absence of oxygen (i.e. nitrogen purged 

solutions), no UV–vis spectral changes were observed, an indication that light and molecular 

oxygen are prerequisites in the degradation process.  
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Table 6.6: Rate, rate constant (kobs) and half-lives (t1/2) of various initial concentrations of MO using complexes 2 and 7, 2-CoFe2O4-GSH and 7-

CoFe2O4 at pH 2.75. Values in brackets are for 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) respectively. 

 

[MO] 

 10
-5

 

(mol L
-1

) 

kobs 

 (min
-1

) 

Rate  

(10
-7

  mol L
-1

 min
-1

) 

t1/2 

(min) 

2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 

1.36 0.132 0.221 

 (0.148) 

0.136 0.221 (0.149) 17.9 30.1 

(20.1) 

18.6 30.1 

(20.2) 

5.25 3.13 

(4.70) 

5.08 3.14 

    (4.67) 

1.85 0.0606 0.106 

 (0.0700) 

0.0610 0.105 

(0.0715) 

11.2 19.6 

(13.0) 

11.2 19.5 

(13.2) 

11.4 6.56 

(9.84) 

11.4 6.57 

(9.69) 

2.13 

 

0.0360 0.0629 

 (0.0419) 

0.0380 0.0625 

(0.0422) 

7.67 13.4 

(8.92) 

8.09 13.3 

(8.98) 

19.3 11.0 

(16.5) 

18.2 11.1 

(16.4) 

2.67 0.0100 0.0254 

 (0.0169) 

0.0103 0.0250 

(0.0169) 

2.67 6.78 

(4.51) 

2.75 6.68 

(4.51) 

69.3 27.3 

(41.0) 

67.3 27.7 

(41.0) 

3.40 

 

0.0042 0.0093 

 (0.0062) 

0.0042 0.0094 

(0.0065) 

1.43 3.16 

(2.11) 

1.43 3.20 

(2.21) 

165 74.5 

(111) 

165 73.7 

(106) 
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6.3.2 Photoreduction of Hexavalent Chromium (Cr(VI)) 

6.3.2.1 UV-vis spectra 

  

Photoreduction efficiencies of CoFe2O4-GSH MNPs, complexes 2 and 7, 2-CoFe2O4-GSH, 7-

CoFe2O4, 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) were evaluated. This was achieved by 

spectroscopically monitoring the behaviour of Cr(VI) in the presence of light and the 

photocatalysts, Figure 6.7 (using 2-CoFe2O4-GSH as an example). There was an observed 

decrease in two absorption peaks at 252 nm and 349 nm while there was an increase in the 

absorption peak at 450 nm. The spectral changes are typical of the reduction of Cr(VI) to 

Cr(III) (170), with the latter being less toxic. The absorbance of Cr(III) was taken (Figure 6.7 

(Insert)) so as to confirm that its spectrum matched that of the 450 nm peak observed in the 

photoreduction of Cr(VI). Photoreduction studies were conducted at a pH of 2.75 as it has 

been reported that the reduction of Cr(VI) has been enhanced at acidic pH ranges due to the 

fact that the net reaction in the photoreduction process consumes H
+
 (122,170,171).  
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Figure 6.7: Absorption spectral changes of 7.08  10
-4

 mol L
-1 

Cr(VI) solution using 2-

CoFe2O4-GSH in water of pH 2.75 with irradiation intervals of 2 min.  

 

With increased  irradiation  time and as well as in the concentration of Cr(VI), it was 

observed  that the photoreduction was reversed as the Cr(III) peak decreased while the Cr(VI) 

peak increased, suggesting oxidation of Cr(III) back to Cr(VI).  This was expected because 

the various ROS generated by the photocatalysts during the photolysis, may oxidize Cr(III) 

back to Cr(VI) [172] hence in this study MO was then used as a sacrificial molecule. MO 

suppresses the Cr(III) to Cr(VI) oxidation and reacts preferentially with the ROS and also 

prevents the possible degradation of complexes 2 and 7. Spectral changes observed for 

Cr(VI) photoreduction in the presence of MO are shown in Figure 6.8. There was an 

observed decrease of spectral peaks corresponding to both Cr(VI) (349 nm) and MO (506 

nm).  The decrease in the Cr(VI) was more stable with photolysis time, unlike in the absence 

of MO.  Due to the observed overlap between the Cr(III) and MO bands, increase in the 
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spectral peak for Cr(III) could not be monitored so photoreduction was monitored based on 

decrease of the Cr(VI) peak.   

 

Figure 6.8: Absorption spectral changes of 7.08  10
-4

 mol L
-1 

Cr(VI) solution in the 

presence of 3.40  10
-5  

molL
-1

 MO using 2-CoFe2O4-GSH in water of pH 2.75 with irradiation 

intervals of 2 min.  

 

6.3.2.2 Kinetics studies  

 

Photoreduction was conducted at room temperature at a pH = 2.75 with catalyst loading of 

1.5 mg/mL and MO concentration of 3.40   10
-5

 molL
-1

. The photoreduction was attempted 

for five concentrations of Cr(VI); 7.08  10
-4

, 7.85  10
-4

, 8.54  10
-4

, 9.03  10
-4

 and 9.54  

10
-4

 molL
-1

. When GSH-CoFe2O4 MNPs were applied in the photoreduction of Cr(VI), no 

catalytic activity was observed as above for MO and for the same reasons.  For reasons 

provided above, kinetic studies for the photoreduction of Cr(VI) were conducted in the 

presence of 3.40 10
-5

 mol L
-1

 MO for each concentration of Cr(VI). The decrease of the 

peak at 349 was monitored. The photocatalysts showed a decrease in their rates of 

photoreduction with increase in the concentration of Cr(VI); Table 6.7. Simultaneous 
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photooxidation and photoreduction processes facilitated by Pc-MNP composites also follow 

pseudo first order kinetics with plots of  ln (CO/C) versus irradiation time being linear such as 

in Figure 6.2.  

 

Complexes 2 and 7 showed lower photocatalytic activity for the reduction of Cr(VI) when 

compared to when mixed or linked to MNPs. Interestingly the mixed composites showed 

marginally better photocatalytic activity (higher kobs and rate) for the reduction of Cr(VI) 

compared to the linked conjugates, even though the latter had higher singlet oxygen quantum 

yields. The same amount sacrificial MO (which preferentially react with the hydroxide 

radicals, hence preventing the re-oxidation of Cr(III) to Cr(VI)) was used for both the mixed 

and linked composites in Table 6.7. It is also possible that if the amount of singlet oxygen is 

too high, it may also facilitate the photooxidation of Cr(III) back to Cr(VI) (provided that all 

the MO has been consumed)  hence composites with high singlet oxygen might not be the 

best as observed in this study.  
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Table 6.7: Rates, rate constants (kobs) and half-lives (t1/2) of various initial concentrations of Cr(VI) (in the presence of 3.40   10
-5

 molL
-1

 MO 

using complexes 2 and 7, 2-CoFe2O4-GSH and 7-CoFe2O4. Values in brackets are for 2-CoFe2O4-GSH (mix) and 7-CoFe2O4 (mix) respectively. 

 

 

[Cr(VI)] 

 10
-4

 

(mol L
-1

) 

kobs 

 (min
-1

) 

Rate 

(10
-7

  mol L
-1

 min
-1

) 

t1/2 

(min) 

2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 2 2-CoFe2O4-

GSH
 

7 7-CoFe2O4 

7.08 0.0309 0.103 

(0.124) 

0.0305 0.102 

 (0.103) 

21.9 72.9 

(87.4) 

21.6 72.4 

(72.9) 

22.4  6.74 

(5.61) 

22.7 6.78 

(6.72) 

7.85 0.0156 0.0674 

(0.0720) 

0.0165 0.0660 

(0.0685) 

12.3 52.9 

(56.5) 

13.0 51.8 

(53.8) 

44.4 10.3 

 (9.63) 

42.0 10.5 

(10.1) 

8.54 0.0084 0.0450 

(0.0495) 

0.0079 0.0425 

(0.0465) 

7.17 38.4 

(42.3) 

6.75 36.3 

(39.7) 

82.5 15.4 

 (14.0) 

87.7 16.3 

(14.9) 

9.03 0.0038 0.0292 

(0.033) 

0.0035 0.0285 

(0.0300) 

3.43 26.4 

(29.8) 

3.16 25.7 

(27.1) 

182 23.7 

 (21.0) 

198 24.3 

(23.1) 

9.54 0.0018 0.0097 

(0.0099) 

0.0019 0.0092 

(0.0092) 

1.71 9.25 

(9.44) 

1.81 8.78 

(8.78) 

385 71.4 

 (70.0) 

365 75.3 

(75.3) 
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6.4 Mechanism of photocatalysis of Pc-CoFe2O4 MNP conjugates 

 

It can be elucidated that photocatalysis of Pcs in the presence of CoFe2O4 MNPs may occur 

in two ways, Scheme 6.1 A and B. Upon excitation with visible light, an electron–hole pair 

is formed in the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of the Pc (route 1 in Scheme 6.1 A) [73,78]. In ferrites, upon 

exposure to visible light, an electron–hole pair is formed in the conduction band (CB) and 

valence band (VB) respectively (route 2 in Scheme 6.1 A). The electrons in the LUMO of the 

Pc are then injected into the conduction band of CoFe2O4 MNPs (route 3 in Scheme 6.1 A). 

The photoelectrons can attack molecular oxygen to produce various ROS including hydroxyl 

radicals (  OH) (route 4 in Scheme 6.1 A) [171]. The photoholes possess highly oxidizing 

ability and can directly participate in oxidative degradation of organics or oxidise water to 

produce ROS including  OH (route 5 in Scheme 6.1 A).  The resultant ROS from both the 

photoelectrons and photoholes then facilitate photooxidation of organic dyes (MO and OG in 

this case). For photoreduction of Cr(VI) on the other hand, only the photoelectrons in the 

conduction band (CB) of the MNPs and LUMO of the Pc  can be acquired by Cr(VI) thereby 

reducing it to Cr(III).  
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Scheme 6.1:  The formation of ROS by photosensitization of CoFe2O4 MNPs and Pcs upon 

excitation with visible light. HOMO = highest occupied molecular orbital, LUMO = lowest 

unoccupied molecular orbital, ISC= intersystem crossing. T1= Type 1 and T2= Type 2 

 

A second possible mechanism (Scheme 6.1 B) involves the intersystem crossing (ISC) of the 

excited dye to the triplet state. The triplet state (
3
Pc) has a longer lifetime (µs) than that of the 

excited singlet state (
1
Pc) (ns), enabling the Pc in the triplet excited state to react with 

molecular oxygen in two different ways, denoted T1 (Type 1) and T2 (Type 2) in Scheme 6.1 

B.  In the  Type 1 reaction  (T1),  the Pc in the excited triplet state (
3
Pc) transfers an electron 

to molecular oxygen (
3
O2) generating various  ROS including hydroxyl radicals (  OH), 

peroxides (H2O2) and hydroxide ions (OH
-
) [68] which have the ability to readily degrade 

organic pollutants. The Type 2 reaction (T2) on the other hand entails the transfer of energy 

from the Pc in triplet excited state (
3
Pc) to molecular oxygen (

3
O2) thereby generating singlet 

oxygen (
1
O2) [68], which is also reactive to organic pollutants. The presence of the CoFe2O4 

MNPs therefore introduces a heavy atom effect which enhances the population of the triplet 
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state and singlet oxygen production of the Pcs hence Pc-MNP conjugates possess greater 

photooxidising ability than the Pcs.   

6.4 Closing Remarks 

 

Electrospun polystyrene and polyamide-6 fibers were found to be effective in incorporating 

phthalocyanines, CoFe2O4 MNPs and their respective conjugates with their photoactivity 

maintained. The fibers were successfully applied in the degradation of azo dyes (Methyl 

Orange and Orange G). The photocatalysts were also successfully applied without the support 

of the fibers in the treatment of both organic and inorganic water pollutants, making them 

promising materials for real life water purification applications.  
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CHAPTER 7 

Conclusions 
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7. Conclusions and Future prospects 

7.1Conclusions 

This thesis reports for the first time on the enhancement of the photophysicochemical 

properties of zinc Pcs after conjugation to CoFe2O4 MNPs. The enhancement of triplet and 

singlet oxygen quantum yields and hence photocatalytic efficiency was generally observed to 

be greater when there is an amide bond linking the Pc to the CoFe2O4 MNPs than when they 

are just mixed together. There is also greater enhancement with decrease in the spacer or 

chain length separating the Pc and CoFe2O4 MNPs. The photocatalytic abilities of the Pc-

MNP conjugates were tested using Methyl Orange and Cr(VI) as analytes with successful 

results. 

Incorporation of the Pcs, MNPs and their respective conjugates in electrospun fibers was 

achieved, with their singlet oxygen generating ability and hence functionality maintained. 

This was proven with various microscopic and spectroscopic characterisation as well as the 

ability of the functionalised fibers to degrade common organic water pollutants; Methyl 

Orange and Orange G. 

The photophysical and photocatalytic properties of Pc-CoFe2O4 MNP based photocatalysts 

make them promising multi-functional nanomaterials in real life water treatment. 

7.2 Future Prospects 

The Pc-CoFe2O4 MNP based photocatalysts reported herein have been proven to be effective 

in the degradation of azo dyes. The study will therefore be extended to other types of organic 

pollutants such as phenols which are also effluents from various industries. Identification and 

characterisation of the products resulting from the degradation of the dyes will be performed 

using high precision instruments including high performance liquid chromatography (HPLC). 
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Due to the photoactivity of the functionalised fibers reported herein, the possibility of their 

applications as anti-microbial nanofabrics or as materials for the adsorption/reduction of 

heavy metals will also be explored in future, with the aim of creating multifunctional water 

purification agents. 
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