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ABSTRACT 

Zinc phthalocyanine complex was synthesised and incorporated into natural 

cellulose-based fibres extracted, from oil palm mesocarp fibres and pineapple 

leaves wastes, with the view of producing ZnPc-functionalised fibres, to 

compensate for its’ aggregation challenge in most solutions and for easy 

recovery from reaction solutions, easy disposal after use and for repeated use. 

The ZnPc-functionalised fibres were characterised by different spectroscopic, 

thermal and microscopic methods. The results suggested that, the free zinc 

phthalocyanine dye was indeed embedded and well dispersed within the 

cellulose-based fibres. The physico-chemical properties of the functionalised 

cellulose-based fibres were also assessed and found to exhibit the same 

fluorescence behaviour, that is characteristic of zinc phthalocyanine in 

solution. This makes them promising for qualitative detection of gases by 

fluorescence quenching. The photoactivity and singlet oxygen production 

effects of zinc phthalocyanine were also preserved within the fibre matrices, 

making them promising photosensitisers for photo-oxidation and 

photodynamic applications. When applied for optical detection of nitrogen 

dioxide gas, photodegradation of crystal violet dye and invitro photodynamic 

antibacterial susceptibility tests, they showed promise for qualitative detection 

of nitrogen dioxide gas by fluorescence quenching, for the conversion of an 

organic pollutant, crystal violet in aqueous solutions and as a topical 

antibacterial agent against methicillin/multidrug-resistant strains, 

Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa under 

day/sunlight and redlight radiations.  
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CHAPTER ONE 

INTRODUCTION 

Phthalocyanines (Pcs) are aromatic heterocycles. They have planar 

conjugation systems with 18 π-electrons and 4 iso-indole subunits linked, by 

meso nitrogen atoms. They show two distinct bands in the UV-Vis absorption 

spectrum, the strong Q band around 600-800 nm and the weak Soret (B) band 

around 300-400 nm. They can exist as metal-free species or can be metalated 

by co-ordinating the four inner ring nitrogens with most transition and main 

group metals (McKeown, 1998) and their photochemical properties are 

strongly influenced by the type of central metal ion coordinated in their 

macromolecule. For example, ions with a closed and diamagnetic shell, such 

as Zn2+, play an important role in metal-phthalocyanine complexes because, of 

their high ability to generate singlet oxygen, which is essential for effective 

photodynamic therapy (Goundena et al., 2020), photocatalysis, water and 

blood disinfection, gas sensing, etc. (Claessens et al., 2008; Doppagne et al., 

2018; Imada et al., 2016).  

Phthalocyanines are hydrophobic and insoluble in physiological 

solvents (Chen et al., 2010), aqueous solvents, and some organic solvents 

(Ghani et al., 2012). They tend to form aggregates (Kobak et al., 2015), that 

absorb light and suppress the activity of these solvents for singlet oxygen 

production. Therefore, their immobilisation on appropriate solid supports, 

capable of exhibiting their photosensitising properties as in solution, will help 

solve the aggregation, recovery, reusability and disposal problems, often 

encountered in applications such as photocatalysis and photodynamic therapy 

(PDT) in which, mainly aqueous solutions are used. 
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Background to the Study 

Metal-phthalocyanine complexes are widely used in numerous 

applications and various research fields, including antimicrobial photodynamic 

therapy (APDT), photodynamic therapy (PDT), chemosensors, and catalysis 

(Managa et al., 2014; Sorokin, 2013. Woehrle et al., 2004). When 

phthalocyanines are used in photocatalysis, reactive oxygen species (ROS) 

like singlet oxygen are frequently produced. In particular, metal-

phthalocyanines containing a strong diamagnetic metal core, show extreme 

singlet oxygen producing ability (Shinohara et al., 2006). The metal content of 

the phthalocyanine core has been shown to have a significant effect on the 

efficacy of photodynamic therapy (PDT). Out of all the phthalocyanines that 

contain metal cores like Zn, Cu, and Mg, Zinc has demonstrated the greatest 

efficacy in APDT applications. (Jori et al., 2006). Therefore, this study 

focuses on the use of Zinc as the central metal.  

Recent studies have shown that zinc phthalocyanines can be 

functionalised as potent photosensitisers against Gram-positive and Gram-

negative bacteria (Chen et al., 2014; Güzel et al., 2017; İşci et al., 2016; Liu et 

al., 2018; Mantareva et al., 2007; Minnock et al., 1996; Wang et al., 2017). 

Additionally, the antibacterial effects of zinc phthalocyanine have been tested 

in in-vivo animal models for clinical studies (Schieweck et al., 1994; Vecchio 

et al., 2013). Chen et al., (2014) reported the use of the zinc phthalocyanine 

derivative zinc pentalysine--carbonyl phthalocyanine (ZnPc-(Lys)5) in 

APDT, promising antibacterial effects on bacterially infected skin, and 

increased healing rates after treatment with APDT in animal models. Their 

study showed that phthalocyanine-based photosensitisers have specific 
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affinities for bacterial cells. They showed more efficient bacterial cell uptake 

and improved antimicrobial efficacy in-vitro, as well as a significant increase 

in the healing rate of S. aureus-infected excisional wounds in mice. However, 

these photosensitisers are mainly applied orally, intravenously (Ferreira et al., 

2007) and/or topically in the form of solutions (Wang et al., 2017). Therefore, 

it is not possible to selectively kill bacteria by this method (Chen et al., 2006) 

and it is difficult to remove excess photosensitisers from the body or blood 

after photodynamic therapy (PDT). Immobilisation of these photosensitisers 

on appropriate carriers can selectively kill bacteria and facilitate their removal 

and disposal after PDT without damaging the human tissue.  

The use of metal-phthalocyanine complexes as multipurpose catalysts 

in various reactions have also been widely investigated (Li et al., 2020; Liu & 

McCrory, 2019; Makarov et al., 2020), especially in the field of bio-based 

catalysis (Ren et al., 2019; Sorokin, 2013; Wu et al., 2019), considering their 

structural relations to naturally occurring metal-porphyrin complexes. Their 

attractiveness as catalysts stems from their ease of preparation and their 

chemical and thermal stability (Chen et al., 2017; Sorokin, 2013). The 

catalytic performance of metal-phthalocyanines is strongly influenced by 

aggregation when dispersed directly in solution (Iliev et al., 1999; Kluson et 

al., 2008). Therefore, immobilisation of the active catalysts on suitable 

supports is highly recommended to ensure high catalyst stability, easy 

recovery and reuse for further oxidation, product purification, and reduction of 

inert aggregates (Nyokong & Ahsen, 2012). By recovering and reusing the 

immobilised photosensitiser, the photo-oxidation process can be applied in a 
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real wastewater treatment system, thereby avoiding disposal and subsequent 

contamination of the wastewater.  

Many materials of natural and synthetic sources have been used for 

catalysts immobilisation, including porous materials (Shimomura et al., 2008), 

nanotubes (Chao et al., 2013; Kong et al., 2009), nanoparticles, inorganic 

materials (Moses Phiri et al., 2019; Rahman et al., 2010) and biopolymers, by 

physical adsorption, ion separation, or covalent bonding (Abbasi et al., 2016; 

Pakapongpan & Poo-Arporn, 2017) and others (Ding et al., 2015; Jiang et al., 

2017). These properties suggest that immobilised catalysts represent a greener 

and more sustainable alternative to homogeneous catalyst systems (Chu, 2021; 

Morshed, 2021).  

Several factors are considered when choosing the right support 

including, the ability to readily introduce anchor functions, degree of 

functionalisation, ability to participate in reactions, stability under reaction 

conditions, and environmental availability (Sorokin, 2013). Fibres, especially 

those based on natural cellulose, are very fine and have a large surface area 

per volume. They also contain sufficient amounts of reactive and hydrophilic 

functional groups to support metal-phthalocyanines (Kadish et al., 2012). 

These supports/carriers provide a strong and long-lasting antimicrobial effect 

on penetration into the biological environment. This is a unique advantage 

over other antimicrobial materials, as bacteria need to come into direct contact 

with the surface of these supports (Hassan et al., 2020). This makes them a 

useful alternative in situations such as water filtration, bacterial filtration, and 

wound dressings (Rashki et al., 2021). 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

5 

Statements of the Problem 

Bacteria resistance to antibiotics lowers their ability to effectively treat 

infected wounds. This can lead to complications such as delayed wound 

healing, sepsis, and ultimately death (Vazquez, 2006). Staphylococcus aureus 

and Pseudomonas aeruginosa infections commonly occur in open wounds and 

are among the most common nosocomial infections (Benvindo et al., 2008). 

Staphylococcus aureus is a Gram-positive bacterium, known to be highly 

virulent and develop resistance to antibiotics (Bumah et al., 2015; Santos et 

al., 2002). Pseudomonas aeruginosa, on the other hand, is a Gram-negative 

bacterium and also highly resistant to antibiotics (Neves et al., 2011; de Sousa 

et al., 2015). These bacteria can enter open wounds and use them as entry 

points for more dangerous invasive infections (Chambers & DeLeo, 2009). 

Fighting them with antibacterial photodynamic therapy (APDT) is the last 

resort, to prevent them from developing resistance and complicating 

conditions.  

However, most photosensitisers available in clinical applications, e.g. 

CGP55847, Photosens, Pc 4, Photofrin®, methylene blue, etc. (Ackroyd et al., 

2001; Dolmans et al., 2003; Ferreira et al., 2007; Mody, 2000; Ochsner, 1996; 

Sharman et al., 1999; Wainwright & Crossley, 2002), are in injectable forms.  

After intravenous injection into peri wound tissue and irradiation (that is, after 

PDT), removal of residual photosensitisers from the blood or body is 

challenging (i.e., slow clearance rate from blood or body). It can be excreted 

in the urine however, it takes a long time, even years, for it to be cleared from 

the body. In addition, photosensitisers remain in the body for a long time after 

PDT, which can lead to photosensitive skin after prolonged exposure to light.  
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Therefore, since the photosensitiser can still be effective even if it 

doesn't physically touch the cell or penetrate the bacterium (Dahl, et al., 1987), 

targeting bacteria by immobilisation (i.e., supported photosensitiser) can help 

with the above problems: 

1. By removal of the excess immobilised photosensitiser from the wound 

after antibacterial photodynamic therapy (APDT), 

2. By eliminating the damage to the host’s healthy tissues, as only the 

singlet oxygen produced, on the wound surface upon light exposure 

with the immobilised photosensitiser, causes the cytotoxic effects.  

Dyes/pigments emitted from various sources such as the textile industry are 

highly coloured and affect the environment, especially aquatic life, even in 

small amounts. These effluents prevent sunlight from penetrating, which 

impacts aquatic plants' ability to photosynthesise. Organic dyes have been 

removed from effluents, through variety of physicochemical processes, 

including precipitation, coagulation, (Daneshvar, 2003) adsorption onto 

activated carbon etc. But, these processes just transfer the dye to another 

phase, that require further treatments (Slokar & MareChal, 1998). Among 

various refining processes, heterogeneous photocatalysis, an advanced 

oxidation process (AOP), is highly efficient in the complete decolourisation 

and mineralisation of organic pollutants through the initiation of reactive 

oxygen species (ROS), without generating unwanted by-products). It is an 

efficient and cost-effective method for removing stable organic compounds, 

including dye molecules. It is also environmentally friendly as the catalyst can 

be removed and reused, reducing the cost of the remediation process (Abdul et 

al., 2016). Therefore, cellulose-based fibres functionalised with zinc 
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phthalocyanine can be used, under photocatalysis to remove crystal violet (a 

model organic dye) from water because of its great stability, easy recovery 

from reaction products, recycling for further oxidations, and reduction of 

inactive aggregates usually, associated with the free metal-phthalocyanines in 

aqueous solutions.  

Toxic and combustible gas detection is an increasing challenge in both 

local and manufacturing settings. The common detectors of gases are mostly 

the semiconductor metal oxide detectors (Varghese & Grimes, 2003), which 

detect changes in electrical conductivity. But they consume a lot of energy and 

are sensitive to moisture, making them unattractive as gas or fire detectors 

(Zugle, 2012). Phthalocyanine applications in gas sensing mostly utilise thin 

films that exploit the semiconductor properties of phthalocyanines (Dogo et 

al., 1992; Hsieh et al., 1998; Krier et al., 1993; Mortesson et al., 1990; Wright 

et al., 1993; Sun et al., 2018; Zhu et al., 2020). Few utilise the fluorescence 

properties of phthalocyanines in nanostructured matrices (Fernández-Sánchez, 

2006), polystyrene polymers (Sanchez et al., 2001), and electro-spun synthetic 

polymer fibres (Zugle & Nyokong, 2012). Therefore, the use of zinc 

phthalocyanine-functionalised natural cellulose-based fibres for qualitative 

fluorescence sensing of nitrogen dioxide gas is reported in this study for the 

first time.  

As far as the authors are aware, very little or no research has been done 

regarding the immobilization of ZnPc, using green and sustainable natural 

cellulose-based fibres (from oil palm mesocarp fibres and pineapple leaves), 

as supports for gas detection, photodegradation of organic pigments in 

aqueous media and antibacterial photodynamic therapy.  
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Below (Figure 1) is an illustration of the immobilisation and the 

photosensitisation processes that have been developed in this study. 

 

 

Figure 1: Illustration of the (a) immobilisation process and the (b) mechanism 

      of photosensitisation, leading to remediation of organic pollutants 

      and bacteria inactivation. 

 

Briefly, zinc phthalocyanine is immobilised on porous cellulose-based 

fibres. The functionalised fibres (Ps) in a photocatalytic system, absorb light 

and become exited (1Ps*), then either emit the light through fluorescence (for 

gas detection) or moves to the triplet exited state (3Ps*) through intersystem 

crossing, reacts with oxygen to produce reactive oxygen species (especially, 

1O2) for photodegradation and photodynamic bacteria inactivation.   

Ps 

(a) 

(b) 
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Purpose of the Study 

The study's main goal is to investigate the concept of microwave 

synthesis, cellulose extraction, purification and catalyst immobilisation 

methods, to produce eco-friendly functionalised cellulose-based fibres that 

may find use in household, commercial and medical settings. Furthermore, the 

hypothesis of whether the immobilised catalysts are suitable for nitrogen 

dioxide sensing, or are able to degrade organic dyes in aqueous media and/or 

would be suitable for photodynamic inactivation of bacteria, is being tested in 

the thesis.   

Research Objectives 

The general objective is to produce zinc phthalocyanine-functionalised 

cellulosed-based fibres, that can serve as photosensitisers for gas sensing, 

photodegradation and photodynamic inactivation of bacteria.  

Specific objectives 

The subsequent specific objectives would be pursued to help achieve the 

general objective: 

1. Synthesis and characterisation of non-substituted zinc phthalocyanine. 

2. Extraction of natural cellulose-based fibres (from oil palm mesocarp 

fibres and fresh pineapple leaves wastes), to be used as support 

materials using gauze bandage as a reference cellulose. 

3. Immobilisation of the synthesised zinc phthalocyanine on the 

cellulose-based fibre supports and characterisation by spectroscopy 

(FT-IR, Fluorescence), microscopy (SEM-EDS) and TGA-DSC,  

4. Evaluate the photoactivity of the zinc phthalocyanine in the 

functionalised cellulose-based fibres. 
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5. Evaluate the impact of the zinc phthalocyanine-functionalised 

cellulosed-based fibres as gas detection fibre support on nitrogen 

dioxide gas.  

6. Evaluate the impact of the zinc phthalocyanine-functionalised 

cellulosed-based fibres as catalyst supports for photodegradation of 

organic dyes in aqueous media  

7. Evaluate the impact of the zinc phthalocyanine-functionalised 

cellulosed-based fibres on photodynamic bacteria inactivation in aid of 

wound healing. 

Research Questions and Hypotheses 

The ensuing research questions and hypotheses would be set to help 

accomplish the research objectives: 

Research questions  

1. Was unsubstituted zinc phthalocyanine synthesised? 

2. Is the quality of the extracted cellulose-based fibres, from the oil palm 

mesocarp fibres and pineapple leaves wastes, comparable to that of the 

reference gauze bandage?  

3.  Were the cellulose-based fibres, successfully functionalised with zinc 

phthalocyanine? 

4. Are the zinc phthalocyanine-functionalised cellulosed-based fibres able 

to exhibit and maintain the photophysical and photochemical 

properties of the free zinc phthalocyanine?  

5. Are the functionalised cellulose-based fibres suitable for fluorescence 

sensing of nitrogen dioxide gas in the environment? 
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6. Are the functionalised cellulose-based fibres able to photodegrade 

organic dyes in aqueous media?  

7. Are the functionalised cellulose-based fibres suitable for photodynamic 

bacteria inactivation?  

Hypotheses 

1. Unsubstituted zinc phthalocyanine was synthesised 

2. The quality of the extracted cellulose-based fibres, from the oil palm 

mesocarp fibres and pineapple leaves wastes, is comparable to that of 

the reference gauze bandage. 

3. The cellulose-based fibres were functionalised with zinc 

phthalocyanine 

4. The cellulose-based fibres, functionalised with zinc phthalocyanine 

exhibited photoactivity and fluorescence properties of the free Zinc 

phthalocyanine in solution. 

5. The functionalised cellulose-based fibres can be used for fluorescence 

sensing of nitrogen dioxide gas in the environment 

6. The functionalised cellulose-based fibres can degrade organic dyes in 

aqueous media with sunlight/daylight and LED redlight irradiations. 

7. The functionalised cellulose-based fibres can inactivate bacteria with 

daylight and LED redlight irradiations. 

Significance of the Study  

This study will significantly contribute to the design of a simple but 

inexpensive eco-friendly functional cellulose-based fibres, that can be applied 

as nitrogen dioxide gas sensors, photocatalysts and photodynamic antibacterial 

dressings. The advantage of this type of application is easy handling, easy 
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disposal after use and repeated usage. What is interesting about these 

photodynamic and photodegradation processes is that, they can utilise both 

daylight/sunlight and LED redlight radiations. Therefore, regular daylight can 

be used in place of LED redlight as a cost-effective alternative.   

Delimitations 

1. Cellulose-based fibres were extracted from oil palm mesocarp fibres 

and pineapple leaves.   

2. Bacteria samples are reference and clinical resistant isolates including, 

Methicillin Resistant Staphylococcus aureus (MRSA) 3646 - a resistant 

phenotype, Methicillin Resistant Staphylococcus aureus (MRSA) 

ATCC 43300, Staphylococcus aureus ATCC 25923, Pseudomonas 

aeruginosa and Pseudomonas aeruginosa ATCC 27312.  

3. Research evaluation and conclusions are laboratory-based 

experimental data and their respective analyses.  

Limitations  

Certain influences and conditions could not be controlled in this study, 

which limited the methodology and consequently the findings. These 

limitations are: 

1. The difficulty in conducting experiments smoothly and efficiently 

because, the equipment and devices used, were distributed in 

laboratories all over the country.  

2. The exact concentrations of the zinc phthalocyanine dispersed in/on 

the functionalised fibres could not be quantified due to the nature of 

the fibres. 
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Organisation of the Study 

 The study has different sections, including an introduction and 

literature review on phthalocyanines, their preparations and physicochemical 

properties, photodynamic therapy, catalysts and methods of immobilisation, 

and applications of metal-phthalocyanine functionalised porous supports.  

It is also involved in the laboratory microwave synthesis, extraction, 

characterisation and immobilisation of zinc phthalocyanine on cellulose-based 

fibres and the subsequent application of these functional fibres in gas sensing, 

photocatalysis and in-vitro photodynamic antimicrobial inactivation processes.  

Finally, a thesis is presented in which the final results are reported and 

discussed and some recommendations are given.  
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CHAPTER TWO 

LITERATURE REVIEW 

Introduction 

 

This chapter provides background and common synthetic routes to 

phthalocyanines. It also describes how other researchers synthesised metal-

phthalocyanines through various precursors using microwave synthesis, which 

achieves higher production yields and faster reactions, as compared with 

conventional synthesis and the physicochemical properties of phthalocyanines.  

It also reviews the background of photodynamic therapy (PDT); metal-

phthalocyanine-based antimicrobial photodynamic therapy (APDT), with lists 

of the various phthalocyanine-antimicrobial agents currently on the market; 

catalyst immobilisation techniques on fibrous supports; phthalocyanine-

immobilised polymer supports, along with research examples of cellulose-

based metal-phthalocyanine immobilised supports.  

The chapter ends with an overview of the various applications of 

immobilised phthalocyanines in nitrogen dioxide gas sensing, 

photodegradation of organic pollutants, and antimicrobial photodynamic 

therapy (APDT).  

Background on Phthalocyanines 

Phthalocyanines are macrocyclic organic molecules that resemble 

naturally occurring porphyrin ring systems. Four iso-indole sub- 

units connected by aza nitrogen atoms make up the phthalocyanine molecule, 

which also has an aromatic inner nucleus with 18 electrons that delocalizes to 

four benzo units around it (Figure 2). The phthalocyanine molecule is more 

thermally and oxidatively stable when the four aza nitrogen atoms are present. 
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When the π-conjugation is extended, the phthalocyanine rings aggregate and 

become insoluble in water and other organic solvents (Sobbi, Wohrle & 

Schlettwein, 1993; Stillman et al., 1989).  

There are non-metal species (Figure 2b) or metalated with most 

transition and main group metals, through coordination of the four inner ring 

nitrogen atoms (Figure 2b). Most metal ions do not induce significant 

macrocyclic strain, whilst some ions like Pb2+, the core of the phthalocyanine 

ring is not big enough to integrate the metal ion, causing the coating of the 

surface of the ring by the metal (McKeown, 1998). In monovalent alkaline 

earth metals, core is filled with two ions that protrude from the plane of the 

phthalocyanine ring. The solubility in polar organic solvents is increased by 

this protrusion, which breaks down the intermolecular forces between the 

phthalocyanine rings.  (Ziolo & Extine, 1981; Ziolo, Günther & Troup, 1981). 

In general, metal-free phthalocyanines belong to the D2h symmetry point 

group, while their counterparts, metal-phthalocyanines, belong to the D4h 

symmetry point group (Stillman & Thomson, 1974) (Figure 2, a-b). 

 

Figure 2: Metal-free and metalated phthalocyanine structures  
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Braun & Tcherniac (1907), produced the first phthalocyanine when 

they tried to prepare ortho-cyanobenzamides from phthalimide and acetic acid. 

Treatment of the ortho-cyanobenzamides at elevated temperatures, formed a 

blue-black insoluble solid that was later named phthalocyanines. Linstead and 

associates developed the structure of phthalocyanines and the synthesis of 

some of their metal derivatives (Byme, Linstead & Lowe, 1934; Dent & 

Linstead, 1934a,b; Linstead, 1934; Linstead & Lowe, 1934a,b). From the 

Greek words naphtha, which means "rock oil," and cyanine, which means 

"dark blue," Linstead and his colleagues came up with the term 

phthalocyanine. Robertson subsequently used the X-ray diffraction technique 

to confirm the proposed structure (Robertson, 1935). 

Common synthetic routes for phthalocyanines  

Phthalocyanines are generally synthesised by cyclotetramerization of 

precursors (phthalonitrile, phthalimide, phthalic acid, phthalic anhydride) in 

the presence of metal salts and catalysts, or later insertion of metals into the 

phthalocyanine ring at high temperatures, for metal-phthalocyanines. In the 

absence of metal salts, the metal-free counterparts are formed (Kadish et al., 

1999; Louati et al., 1985). After the reaction, impurities and unreacted 

substances are removed by successive washings with some acids and bases 

and subsequent extraction with solvents. Most organic solvents, acids, and 

bases can dissolve metal-phthalocyanines, which can then be 

purified using chromatography, recrystallisation, and extraction (Alzeer, Roth 

& Luedtke, 2009; Lokesh, Uma & Achar, 2009).  

Figure 3, shows the various precursors for synthesising metal- 

phthalocyanines. 
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Figure 3: Metal-phthalocyanines synthetic route from different precursors         

     (Agboola, 2007; Kahya, 2012). 

 
 

Microwave synthesis of phthalocyanines 

Conventional methods for synthesising phthalocyanines were time-

consuming and required high-temperature boiling solvents, which resulted in 

low yields, due to the decomposition of reactants and the formation of by-

products. Consequently, a practical high-power microwave technique was 

developed. Microwave radiation as a substitute to the conventional heating in 

the production of phthalocyanines and associated counterparts has gained 

significant interest in latest years (Dumoulin, 2011). All conventional 

reactions involving heating are now possible with this technology. The main 

advantage is prompt heating, without any interference with the reaction 

container and reduction of the prolong reaction times to minutes, thereby 
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restricting the development of by-products which, usually occur under 

conventional heating. Irradiation with microwave, improves yields and 

significantly purifies reaction products (Dumoulin, 2011). 

Microwaving, utilises the capacity of some chemicals (liquid or solid) 

to convert electromagnetic energy into heat. Heating is caused by dielectric 

losses, which contrasts with the conduction and convection processes observed 

in conventional heating. Some reactions which hitherto, were not possible with 

the conventional heating are now possible with microwaves (Önal, Dumoulin 

& Hirel; 2009).  

Microwave synthesis of phthalocyanines and its’ counterparts are 

subdivided into: (i) reactions with solvents and (ii) solvent-free reactions. 

Reactions with solvents are uncommon, due to safety hazards when using 

domestic or modified domestic ovens. Especially in such systems, reaction 

temperature and pressure cannot be controlled due to uncontrolled microwave 

heating. Therefore, focus is now shifted to solvent-free reactions, that are 

safely carried out in open containers (Dumoulin, 2011).  

Solvent-free synthesis of phthalocyanines are performed from phthalic 

anhydride, phthalic acid, phthalimide or phthalonitrile precursors. Addition of 

ammonium molybdate always increases reaction yields, regardless of which 

precursor was used, except when phthalimide is used. (Chauhan et al., 2003). 

Phthalonitrile ensures a clean reaction and gives a pure phthalocyanine at the 

end of the reaction. However, this is not the case for other precursors, since an 

additional source of nitrogen can trigger side reactions and form by-products. 

Phthalic anhydride is most commonly used because it is cheap (Kahya, 2012).  
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Many examples of phthalocyanines (Cavaleiro, Tomé & Neves, 2010) 

and their counterparts, have been synthesised with microwaves, such as 

macrocycle formation, their metal insertion, or functionalisation. Here are 

some examples:  

The first synthesis of metal-phthalocyanines using microwave 

irradiation was performed by Shaabani in 1998. A homemade microwave oven 

operating at a power of 900 W, without temperature control was used. Yields 

ranged from 81% to 86%, depending on the metal. Various metal-containing 

Cu, Co, Ni, and Fe phthalocyanines were obtained in the absence of a solvent. 

A mixture of C8H4O3, CO(NH2)2, CuCl2 and (NH4)6Mo7O24, was irradiated for 

six minutes. The product was washed successively with NaOH, H2O, HCl, 

H2O, recrystallised from H2SO4 and then extracted with methanol and 

methylene to give pure metal-phthalocyanine (Shaabani, 1998).  

Shaabani et al. (2003), synthesised tetranitro-phthalocyanine 

complexes of Nickel, Copper, Cobalt, Manganese, Iron, and Palladium in the 

absence of a solvent and under reflux. 3-Nitrophthalic anhydride, urea, metal 

chlorides, and ammonium heptamolybdate were microwaved on high power 

for 1 minute and then on medium power for another 1 minute. The product 

was then treated with 1M HCl, 1M NaOH and washed with water till neutral 

pH. The solid was then recrystallised from methanol. Under reflux, initial 

materials were immersed in nitrobenzene in a round bottom flask with a 

condenser and irradiated for 5 minutes in a high-power microwave oven. The 

product was then processed as before and confirmed by elemental, UV-visible 

and IR analysis. 
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Khaya et al. (2019), synthesised zinc phthalocyanine using CO(NH2)2 

(184 mmol), C8H4O3 (36 mmol), ZnCl2 (15 mmol) as precursors and 

(NH4)6Mo7O24, (0.13 mmol) as catalyst. After wetting the mixture with 

5 mL distilled water in a flask, the mixture was heated for 3 min at 600 W in a 

microwave. Hot water treatment (200 mL – 70°C) was the first step in the 

purification process, followed by successive washing steps (200 mL – 40°C), 

1 M NaOH (200 mL – 20°C), hot water (200 mL – 70°C), and ethanol (100 

mL – 20°C), before filtering. UV-VIS and Fourier-transform infrared (FTIR) 

spectroscopies were used to verify the purity of the zinc phthalocyanine 

Shaabani et al. (2007), synthesised both the free- and metalated-

phthalocyanine. For the free-phthalocyanines, C6H4(CN)2 was used as the 

precursor, [(CH3)3Si]2NH and (NH4)2SO4 as catalysts and DMF as solvent for 

irradiation. The crude solis was then washed with methanol, then dissolved in 

H2SO4 and recrystalised in water. After which it was extracted with methanol. 

For the metal-phthalocyanines, various precursors such as phthalonitriles, 

phthalimides and phthalic anhydride were use with hexamethyldisilazane and 

p-toluenesulfonic acid as catalysts. The product was washed with cold H2O 

and (CH3)2CO and dried. It was then precipitated from distilled water after 

being dissolved in H2SO4. Analysis using FTIR and UV-Vis spectroscopy 

verified the different yielded free- and metal-phthalocyanines.  

Villemin et al. (2001) synthesised various metal-phthalocyanines (Mg, 

Zn, Cd, Cu, Ni, Pd, Pt, Co, Fe, Ru, Rh, Ti, Cr, Mn, V, Mo, UO2, Eu) using the 

microwave method. The metal-phthalocyanines were synthesised from 

hydrous metal salts and phthalonitriles in a commercial microwave oven. 

Following water, acetone, and dichloromethane washes, the products were 
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dried under vacuum. Acetonitrile extraction was used to achieve purification, 

which was then dried at 110 °C. The same experiment was performed using 

phthalic anhydride and urea to synthesise metal-phthalocyanine chlorides of 

Fe, Co and Cu. The products were washed with 1M HCl, 1M NaOH and H2O. 

Purification was done as before, and UV-Vis and FTIR spectroscopies 

confirmed the production of metal-phthalocyanines. 

Lokesh et al. (2009), synthesised platinum tetranitro-phthalocyanine 

using microwave irradiation. Nitro-phthalonitrile was mixed with platinum 

(IV) chloride and irradiated at 540 W for the first 2 min, then at increased 

power (720 W) for 3 min. The product was washed with water and ethanol and 

extracted with acetone.  

Ogunsipe & Opeolu (2020), synthesised aluminium phthalocyanine 

chloride by grinding a mixture of phthalonitrile (10 mmol, 1.28 g) and 

aluminium chloride hexahydrate (2.5 mmol, 0.604 g) and subjecting the 

mixture to microwave irradiation for 10 min. The solid was washed 

successively with water (15ml), acetone (15ml) and dichloromethane (15ml) 

and then air dried. It was then extracted by Soxhlet extraction with acetonitrile 

for 8 hours. After drying at 110 °C, FTIR and UV-VIS spectroscopy were 

used to analyse the pure phthalocyanine.  

In this study, a slightly modified microwave method by Kahya et al., 

2019; Shaabani et al., 2007 and Villemin et al., 2001, was used to synthesised 

the unsubstituted zinc phthalocyanine dye. 

The main problem facing these researchers is the aggregation 

behaviour of metal-phthalocyanines in solution due to large ring-molecular 

interactions. This restricts their usage in various applications, introducing 
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various substituents on the macrocycles (Durmuş & Nyokong, 2007) or 

attaching them to suitable solid supports, can help solve this problem.  

In this study, an unsubstituted zinc phthalocyanine dye is incorporated 

into natural cellulose-based fibre supports. The porous nature, hydrophilicity 

and large surface area of these fibrous supports provide a suitable environment 

for dispersing the phthalocyanine throughout the fibrous matrices for use in 

solution-based applications, where the free zinc phthalocyanine is insoluble.  

Spectral properties of phthalocyanines 

The electron absorption spectra of the free- and metalated-

phthalocyanines have been extensively reviewed in the gaseous, solution and 

solid states (Hush & Woolsey, 1971; Renge, 1993; Stillman et al., 1989). The 

basic model often used to describe the source of the distinctive peaks of 

phthalocyanines is the four-orbit Gutermann model (Gouterman et al., 1963). 

This model describes a π → π* transition occurring from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) and leading to the Q and B (Soret) bands of the UV-Vis spectrum. 

The Q band corresponds to electronic transitions from a1u orbitals to eg 

orbitals, and the B bands arise from electronic transitions from a2u orbitals to 

eg orbitals (Figure 4). Metal-phthalocyanines have degenerate eg orbitals and a 

single Q band. The insertion of metal into the central phthalocyanines cavity 

leads to the formation of a more symmetric (D4h) thermodynamically stable 

delocalized dianion (Claessens et al., 2008). Metal-free phthalocyanines 

(H2Pc) have non-degenerate orbitals (x and y), low symmetry (D2h), and split 

x- and y-polarised Q-band (Q1 & Q2) components (Mack & Kobayashi, 

2011). 
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Figure 4: Gouterman’s four-orbital model showing electronic transitions and 

      the origin of the two major absorption bands (Q & B) [Gounden et      

      al., 2020; Gouterman et al., 1963]. 

 

 
 

The electronic spectrum of phthalocyanines is divided into two 

distinctive peak regions resulting from π-π* transitions due to the delocalised 

18 π electron structure. The spectrum usually, consists of a strong near-

infrared band called the Q band which, is defined by a higher molar 

absorbance than the other band in the spectrum and affects the colour of the 

entire phthalocyanine molecule (Lever, 1965; Stillman & Thomson, 1974). Q 

band occurs during conversion from HOMO (a1u) to LUMO (eg) and so on. As 

previously mentioned, the highly symmetric metal-phthalocyanine Q band 

D4h, is single. However, for the metal-free phthalocyanines, Q-band splitting 

(Q1 & Q2) occurs due to the lower symmetry D2h (Figure 5). Splitting in the Q 

band occurs, when the symmetry of metal-phthalocyanine is reduced by the 

insertion of larger metals. The fluorescence spectrum of phthalocyanines 
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et al., 1971; Mack & Stilman, 1994), while those of Lead assumes shuttlecock 

shape (Ukei, 1973). 

 

 

 

 

 

 

 

 

 

 

Figure 4: Gouterman’s four-orbital model showing electronic transitions and the 

origin of the two major absorption bands (Q and B) for metalated (MPc) and 

metal-free (H2Pc) phthalocyanines 

 

In practice, the electronic spectra of phthalocyanines can be categorized 

into two main band regions, which arrive from the π-π* transitions originating 

from their delocalized 18-π electron system, Figure 5. The spectra usually 

consist of an intense band in the near infra-red region referred to as the Q band. 

The band is characterized by high molar absorptivity than any other band within 

the spectrum and it is the one that is responsible for the overall colour of the 

phthalocyanine molecule (Lever, 1965; Stillman & Thomson, 1974). The Q 

band originates from transition from a1u of the HOMO to the eg of the LUMO. 

As indicated earlier, for metal-phthalocyanines with high symmetry, D4h, the Q 

band is a single band. However for the metal-free phthalocyanine, the lower 
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includes a B band in the ultraviolet region. Additional bands are shown 

depending on the solvent in which the spectrum is recorded; N, L, and C can 

be observed. 

 

Figure 5: Electronic absorption spectra of (a) metal-free and (b) metalated   

    phthalocyanines with Q, B transition bands (Sönmez, 2014).  

 
 

Absorption spectra of zinc phthalocyanine 

Zinc phthalocyanine (or Zinc tetrabenzo-[5,10,15,20]-tetraaza- 

porphyrin ) exhibits a strong Q-band around 670 nm and broader B-band 

around 300 nm in the absorption spectrum (Gouterman, Wagnière & Snyder, 

1963) (Figure 6). 
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Figure 6: Typical absorption spectrum of zinc phthalocyanine in DMF   

    solution. 

 
 

Fluorescence spectra of zinc phthalocyanine 

Luminescence is when molecules in the excited states emit light. It is 

divided into fluorescence and phosphorescence, depending on the nature of the 

excited state. In fluorescence, light emission occurs from the singlet excited 

state to the ground state whereas, phosphorescence emission occurs from the 

triplet excited states. Unlike fluorescence, the transition to the ground state is 

prohibited and the associated emission leads to longer lifetimes (Lakowicz, 

2006).  

Fluorescence generally occurs in aromatic molecules with conjugated 

pi-electrons. The emission spectrum varies with the chemical makeup of the 

molecule and the solvent employed to dissolve it (Lakowicz, 2006; Kahya, 
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2012). Below are some examples of studies done on the effect of solvents and 

substituents on the fluorescence properties of zinc phthalocyanines.  

Oguncipe et al. (2003), studied the effect of solvents on the 

fluorescence properties of zinc phthalocyanine derivatives, pyrodino zinc 

phthalocyanine, zinc octaphenoxy-phthalocyanine, and zinc octaestrone-

phthalocyanine. Their fluorescence spectra were recorded in dimethyl 

sulfoxide, tetrahydrofuran, dimethylformamide etc. and the findings 

demonstrated that the quantum yield and other photochemical characteristics 

of zinc phthalocyanine and its derivatives, as well as their fluorescence, 

depend on the type of solvent used. 

Kimura et al. (1997), studied dendritic zinc phthalocyanines, zinc 

phthalocyanine was the central dendrimer. Polyetheramide was a functional 

group that mitigates the tendency of zinc phthalocyanine to aggregate. In 

addition to studying the production effect on aggregation, they also studied 

changes in the fluorescence properties of dendrimer phthalocyanines. They 

argued that molecules in the aggregated state do not exhibit fluorescence, but 

that fluorescence properties become apparent as aggregation decreases.  

Kaya et al. (2019), synthesised zinc phthalocyanine (ZnPc), tetra nitro 

zinc phthalocyanine (TNZnPc) and tetra amino zinc phthalocyanine (TAZnPc 

and studied their fluorescence in DMF. In their study, the ZnPc 

pigment showed two emission peaks when excited at 340 nm: a larger peak at 

680 nm and a smaller peak at 740 nm. In contrast to the TAZnPc pigment, 

which was excited at 400 nm and had emission peaks at 465 and 800 nm, the 

TNZnPc pigment had emission peaks at 460 and 685 nm. There was no 

fluorescence with DMF alone. There was a clear distinction in their 
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emission spectra: for ZnPc, the fluorescence intensity decreased with 

concentration, but for TNZnPc and TAZnPc, it increased. With rising 

concentrations, the peaks of ZnPc, TNZnPc, and TAZnPc also slightly 

moved to the right.  

Photo-physicochemical processes  

Phthalocyanines can absorb suitable wavelengths of visible light 

which, trigger interesting physical processes such as fluorescence, and can 

also influence chemical changes in compounds such as organic substrates 

(Shen, Yuan & Xu 1989; Tau & Nyokong, 2007).  

The foundation of the photo-physicochemical processes is interpreted 

by Jablonski diagram (Figure 7). When the molecule is illuminated with light 

(hν) during absorption, the electron gains energy and transitions from the 

ground state (S0) to the first excited state (S1) or higher excited states (S2) and 

(S3). Vibrational relaxation occurs by colliding with the molecules of solvent 

and the excited S2 molecule returns to the original vibrational level of S1, from 

which several possibilities are possible: fluorescence (F), phosphorescence 

(P), or exotherm. Fluorescence is a radiative process that occurs when 

molecules excited by S1 lose energy and return directly to the ground state. 

The time interval of the S1→S0 transition leading to fluorescence (F) is very 

short (10-8 to 10-5 s). Phosphorescence (P) is preceded by the non-radiative 

processes, internal conversion (IC) and intersystem crossing (ISC). The decay 

of phosphorescence is comparable to fluorescence, except for electron spin 

transitions to the 'forbidden' triplet state (T1) rather than the lowest excited 

singlet state. This transition is called an intersystem crossover. The drop from 

the electronic level T1 occurs at lower energies compared to fluorescence. 
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When this transition occurs in tissues, the participating molecules transfer 

energy to the ground state of the oxygen molecule (in triplet state), generating 

singlet oxygen as one of the reactive oxygen species (ROS) that can initiate 

tissue oxidation. The concept of photodynamic therapy (PDT) is based on this 

property (Nakai et al., 2003; Jablonski, 1935).  

 

Figure 7: Illustration of photo-physicochemical processes by Jablonski   

     diagram (Jablonski, 1935; Hesse et al., 1997). 

 

 

Phthalocyanines with big diamagnetic metals are famous for promoting 

inter-system transition from S1→T1, thereby producing 1O2. Singlet oxygen 

(1O2) is involved in a number of photooxidation processes (Kaestner et al., 

2003) and is also used for photochemical metabolism of various analytes 

(Agboola, Ozoemena & Nyokong, 2006; Tau & Nyokong, 2007). Most of the 

phthalocyanine applications, such as photodynamic therapy (Kaestner et al., 
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2003) and homogeneous catalysis (Tau & Nyokong, 2007), are usually 

performed in solution. However, in some applications, solid state use may be 

preferred, for example in read/write CDs (Gu et al., 1995) or immobilised 

support systems, which give better advantages such as easier recovery, reuse 

and disposal after use. In this study, unsubstituted zinc phthalocyanine is 

immobilised on cellulose-based fibres and used for gas sensing and 

photocatalysis. 

Background on Photodynamic Therapy (PDT)  

Photodynamic therapy (PDT) was chanced upon over 100 years ago by 

Oskar Raab and Hermann von Tappiner, when they sighted the presence of 

Paramecium sp. which, was stained with acridine orange, have died due to 

exposure to bright light (Raab, 1900). They concluded that this photodynamic 

effect could have medical applications. Afterwards, another dye called eosin 

was used to apply the photodynamic theory to dermatology (Roberts & 

Cairnduff, 1995). In 1912, Friedrich Meyer Betz published the results of 

experiments he had performed on himself by injecting mixtures of porphyrin 

oligomers, showing that erythematous reactions occurred only in light-

irradiated tissues, proving that photodynamic effects depend on light and 

photosensitisation (Meyer-Betz, 1913; Roberts & Cairnduff, 1995). In the 

1970s and 1980s, protocols developed by Dougherty and his group used a 

photosensitiser called a hematoporphyrin derivative (HPD, later named 

Photofrin®, similar to the one Meyer injected himself with. Hematoporphyrin 

derivatives (HPDs) have shown great potential for the treatment of tumours, 

leading to the FDA's approval of PDT as a treatment for head and neck cancer 

(Dougherty, 1992; Dougherty et al., 1978). Oseroff and co-workers then 
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proposed a strategy to target intracellular organelles rather than tumour 

vasculature (Modica-Napolitano et al., 1990). Later, intracellular 

photosensitisers were tested clinically and found to be potentially more 

effective. Since then, PDT has established itself as a tool to treat a variety of 

tumours and has become the primary tool used to treat age-related macular 

degeneration (Denis & Hamblin, 2011). Photodynamic therapy (PDT) uses 

harmless visible light in combination with light-sensitive dyes (called 

photosensitisers) and oxygen present in and around cells to kill diseased cells.  

Antimicrobial photodynamic therapy (APDT)  

The idea of photodynamic cell death was quickly expanded to include 

the treatment of infections (i.e., its photo-antimicrobial activity (Wainwright, 

1998; 2009). An effective non-invasive technique for treating infections is 

called antimicrobial photodynamic therapy (APDT). The type, concentration, 

charge, and microbial class of the photosensitiser all affect how effective 

antimicrobial photodynamic therapy is against different 

microorganisms. The structural makeup, permeability, and capacity to bind 

foreign molecules vary amongst microbial cell walls (Huang et al., 2012). Due 

to the special structure of the cell envelope, Gram-positive pathogens are 

much more sensitive to anionic and neutral photosensitisers, due to the thick 

and porous peptidoglycan layer on their outer surface. Gram-negative bacteria 

are less prone to uptake exogenous compounds thanks to the additional outer 

membrane and the permeability barrier conferred by the lipopolysaccharide. In 

some cases, negatively charged or neutral photosensitisers are more effective 

than high concentrations of cationic photosensitisers (Mejlholm & Dalgaard, 

2015; Tomé et al., 2004). Also, there are reports that photosensitisers do not 
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even need to penetrate or affect cells to be effective. According to some 

authors, generation of sufficient amounts of singlet oxygen near the bacterial 

outer membrane can damage vital structures (Dahl et al., 1987). Therefore, 

antimicrobial photodynamic therapy (APDT) may be successful without direct 

contact between photosensitisers and bacteria.  

The primary APDT treatment is therefore, believed to be a Type II 

mechanism, through singlet oxygen as the main reactive specie, responsible 

for cell destruction (Dhami & Philips, 1996; Ryter & Tyrrell, 1998). Despite 

numerous studies on the effects of photodynamic therapy on various microbes, 

the development of resistance has not been reported (Mayhew et al., 2001; 

O'Riordan, Akilov & Hasan, 2005). This important phenomenon does not 

appear to be confined to microorganisms, and studies have shown that, except 

in rare circumstances (Hornung et al., 1998), cancer cells also do not develop 

resistance to photodynamic therapy (Davies & Davies, 2010; Laptev et al., 

2006). In this regard, it remains unclear, why photodynamic therapy (PDT) 

differs from other cytotoxic strategies such as antibiotics and anticancer 

chemotherapy, where the development of multidrug resistance after repeated 

exposure to free drug is the norm (Minnock et al., 2000; Tan et al., 2010).  

Mechanism action of photodynamic therapy (PDT)  

Photodynamic therapy (PDT) requires the simultaneous use of a 

chromogenic molecule called a photosensitiser (Ps), oxygen and light. Upon 

illumination, the photosensitiser transitions from the ground state (0Ps) to the 

singlet excited state (1Ps*). In this state, 1Ps* returns to the ground state and 

transitions to the triplet excited state (3Ps*) by short-lived fluorescence 

emission or intersystem crossing. The short-lived triplet excited state Ps (3Ps*) 
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can return to the ground state either by phosphorescence emission (with a half-

life of ~1 s) or by two different mechanisms. In a Type I mechanism, 3Ps* 

donates electrons to a reducing substrate (lipid component of the cell 

membrane) to form the short-lived radical Ps (3Ps-). This radical Ps (3Ps-) 

readily reacts with oxygen to produce a cascade of reactive oxygen species 

(ROS) such as superoxide anions (O2
-), hydrogen peroxide (H2O2), or 

hydroxyl radicals (OH*). In contrast, in the Type II mechanism, 3Ps* reacts 

directly with ground-state molecular oxygen. The oxygen molecule is 

originally in the triplet (3O2) state. Both triplet species react and self-

annihilate, and through energy transfer the oxygen molecule in the triplet 

ground state forms a singlet oxygen reactive species (1O2*). Both mechanisms 

involve oxygen, but Type I relies on intimate contact with the substrate and 

Type II relies on the availability of molecular oxygen in the medium (Figure 

8). 

 

Figure 8: Photochemical mechanism routes of photodynamic bacteria cell  

     destruction. 
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Because the Type II response is mediated by singlet oxygen species, it 

is believed to be the main route of microbial cell inhibition (De Rosa & 

Bentley, 2000; Konpka & Goslinski, 2007). But, it is hard to differentiate 

between both mechanisms. Contributions by both mechanisms indicate that, 

the damage is dependent on the oxygen partial pressure and the photosensitiser 

amount (Konopka & Goslinski, 2007).  

The appearance of large amounts of radically oxidising and non-

radically oxidising species on microorganisms is extremely destructive for two 

main reasons. One is the lack of effective microbial defence against these 

species and multiple targets. Although cells are equipped with several natural 

defence mechanisms against reactive species, the magnitude of the redox 

imbalance caused by PDT is several orders of magnitude greater than the level 

or protection provided by intracellular enzymatic and molecular antioxidants. 

Furthermore, bacteria can protect themselves from superoxide radicals and 

hydrogen peroxide, whereas hydroxyl radicals and singlet oxygen cannot be 

deactivated naturally. An important advantage of PDT is therefore the lack of 

microbial resistance (Wainwright, 1998; 2004).  

Studies have indicated that, photosensitiser and light do not affect 

bacteria or normal tissue when used separately. Only the combination of both 

affects the bacteria in APDT (Burns et al., 1993; Williams et al., 2003, 2004).  

Light sources 

According to the British Dermatology Group and the American 

Society of Photodynamic Therapy Board, no standardised guidelines exist for 

"optimal irradiance wavelength, and total dose characteristics of PDT" 

(Goldberg, 2008; Nakano et al., 2009). However, a basic requirement for a 
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PDT light source is to match the activation spectrum (maximum absorption 

band) of the photosensitiser and produce sufficient light intensity at this 

wavelength (Wilson & Patterson 2008). Currently, PDT mainly uses helium-

neon lasers (633 nm), gallium aluminium arsenide diode lasers (630-690, 830 

or 906 nm), and argon lasers (488-514 nm) as light sources at specific 

wavelengths (630-800 nm). The wavelengths of these sources range from 

visible light to the blue of argon lasers, or the red of helium-neon and gallium 

aluminium arsenide lasers, to the infrared of some diode lasers (Klotz et al., 

1999). Common light sources include mercury lamps (for UV systems), 

fluorescent lamps, and Xe arc lamps (for visible light systems).  

Recently, light-emitting diodes (LEDs) have attracted interest due to 

advantages such as short warm-up time, no hazardous material disposal, long 

life, compatibility, narrow emission spectrum (Kuipers, 2014; Kuipers et al., 

2015), and low cost. Light emitting diodes (LEDs) have recently been used in 

PDT to illuminate particularly surfaces of tissues that are easy targets (Gursoy 

et al., 2013; Juzeniene & Moan 2007). Attempts have also been made to use 

LEDs as light sources for the photo-oxidation process (Carra et al., 2015; 

Kuipers et al., 2015; Verma & Sillanpää, 2015). Both daylight/sunlight and 

LED redlight sources are used in this study. 

Zinc phthalocyanines as antimicrobial agents 

Phthalocyanines are primarily used in antimicrobial photodynamic 

therapy because of their high fluorescence and singlet oxygen quantum yield.  

Metals at the centre of phthalocyanines have been shown to have a significant 

impact on the efficacy of antimicrobial photodynamic therapy. Closed-shell 

diamagnetic metal-phthalocyanines are more suitable for PDT due to higher 
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yields and longer lifetimes of triplet states (Zn2+, Al3+, Ga3+, etc.) than their 

paramagnetic counterparts (Brasseur, 2003). Among phthalocyanines that 

contain Zn, Cu, and Mg, in their core, Zn has shown the greatest efficacy for 

antibacterial photodynamic therapy applications (Jori et al., 2006). Zinc 

phthalocyanine has attracted attention as a photosensitiser due to its strong 

absorption in the near-infrared region, excellent singlet oxygen generation 

efficiency, high photostability, low dark toxicity and rapid clearance. Zinc 

phthalocyanine properties such as water or lipid solubility and ionisation 

constant (De Filippis, Dei, Fantetti, & Roncucci, 2000) are also important for 

photoinactivation on cells. Recent studies have shown that zinc 

phthalocyanines can be functionalised as potent photosensitisers against 

Gram-positive and Gram-negative bacteria (Lui et al., 2018; Mantareva et al., 

2007; Tşci et al., 2016; Wang et al., 2017). Free zinc phthalocyanine has been 

shown not to affect Gram-negative bacteria (Bertolini et al., 1990), but when 

combined with membrane-disrupting agents such as ethylenediaminetetra-

acetic acid (EDTA) and calcium chloride, delivery to (internal) cells is 

guaranteed (Giuliani et al., 2010; Scalise & Durantini, 2005; Soncin et al., 

2002). In contrast, zinc phthalocyanines show affinity for Gram-positive 

bacteria, where they are involved in binding to membrane proteins of the 

cytoplasmic membrane (Bertolini et al., 1990; Spesia & Durantini, 2013). The 

antibacterial effects of zinc phthalocyanine have also been tested in in-vivo 

animal models for clinical studies (Schieweck et al., 1994; Vecchio et al., 

2013). The list of metal-phthalocyanine drugs currently in clinical trials 

include the sulfonated aluminium derivative Photosens, a liposomal 

formulation of the zinc phthalocyanine CGP55847, and a silicon complex 
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called PC-4 (Figure 9). The general tendency of metal-phthalocyanines to 

aggregate in solution, leading to reduced bioavailability and photochemical 

activity, can be overcome (or minimised) by using appropriate chemical 

modifications (e.g. Photosens), pharmaceutical formulations (e.g. liposomal 

formulations of the Zinc phthalocyanine, CGP55847) (Rak et al., 2019) or by 

incorporation and functionalisation on solid supports.  

Figure 8 shows the structures of some metal-phthalocyanines currently 

used in antimicrobial photodynamic therapy. 

 

 

 

Figure 9: Metal-phthalocyanines used in antimicrobial photodynamic therapy 

     (a) Photosens, (b) AlPcS2, (c) zinc phthalocyanine tetra sulphonate, 

     (d) zinc phthalocyanine tretrapyridium and (e) PC-4 (Howe &  

    Zhang, 1998; Sharman et al., 1999). 
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 Most of these drugs (Figure 9) are available as injectables. After 

intravenous injection into peri-wound tissue and irradiation (that is, after 

PDT), removal of residual photosensitisers from the blood/body is problematic 

(slow clearance rate from blood/body). It is excreted in the urine, but it may 

take some time before it is completely cleared from the body. In addition, 

photosensitisers remain in the body for a long time after PDT, which can lead 

to photosensitive skin after prolonged exposure to light. In this study, an 

antimicrobial agent (zinc phthalocyanine) is incorporated into a cellulosic 

carrier to facilitate removal and disposal after APDT.  

Catalysts and Catalyst Systems  

A catalyst is a compound that is added to a reaction to speed it up. It is 

neither produced nor consumed in the reaction (Wisniak, 2010).  

The two main catalytic systems are the homogeneous and 

heterogeneous systems. In homogeneous catalysis, the catalyst is in the same 

phase (gas or liquid) as the reactants, whereas in heterogeneous catalysis, the 

catalyst is in a different phase than the reactants. Heterogeneous catalysis most 

often involves the use of solid catalysts in liquid reaction mixtures (Copéret et 

al., 2003). Homogeneous catalysis mostly occur in liquids, whiles 

heterogeneous catalysis can occur in liquids or gases (Bhaduri & Mukesh, 

2014).  

Support materials for catalysts immobilisation  

In order to make it easier to recover and recycle the catalyst and avoid 

any possibility of catalyst contamination of the finished product, a thorough 

investigation has been conducted into the immobilisation of multiple solid 

supports in catalyst systems (Ding et al., 2015; Piermatti, Abu-Reziq & 
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Vaccaro, 2020). They include, ceramic materials (Zdarta et al., 2018), 

mesoporous materials (Zhang et al., 2018) nanoparticles (Fan et al., 2015) 

carbon nanotubes (Kumar et al., 2019), graphene and graphene oxide (Zhang 

et al., 2010), electro-spun materials (nanofibrous mat), polymeric membranes 

(cellulose, chitosan, polyurethane etc.), hybrid and composite materials 

(Esquivel-Peña et al., 2019).  

Catalyst immobilisation methods 

Catalyst immobilisation is “physically confining or placing the catalyst 

in a defined area that maintains catalytic activity and allows repeated and 

continuous use” (Homaei et al., 2013; Klibanov, 1979). By immobilising the 

catalyst on a solid matrix, the soluble catalyst remains in the solid phase in the 

reaction solution, allowing easy separation (by squeezing, filtration, 

centrifugation, magnetic separation, etc.), recovery and recycling of the 

catalyst, and rapid isolation of the desired reaction product (Abate et al., 2015; 

Bartók, 2015; Ferré et al., 2015; Molnár & Papp, 2017; Tian et al., 2015; 

Veerakumar et al., 2017; Zhong et al., 2017). Furthermore, insoluble catalysts 

can be well dispersed in the reaction medium by immobilisation to avoid 

unwanted agglomeration (Levin et al., 2015; Li et al., 2017; Paul et al., 2015; 

Sudakar et al., 2016).  

The four common catalyst immobilisation methods are physisorption, 

covalent bonding, cross-linking and entrapment. These are applied in two 

separate procedures; the dipping procedure, where the catalyst and support are 

immersed in solution to form a complex and the printing procedure, where the 

catalyst and solvent are mixed to produce the ink. Immersion allows relatively 
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higher catalyst loadings than printing because, all parts of the fibrous material 

in solution, are exposed at once (Morshed, 2021).  

In physisorption immobilisation of catalysts, catalysts are bound to the 

surface of the support matrix by weak forces such as van der Waals forces, 

electrostatic forces, hydrophobic interactions and hydrogen bonding (Bone et 

al., 2018). Physisorption is mostly chosen due to the simplicity of preparing 

the heterogenized catalysts. Simple procedures can be used to immobilise 

catalysts onto supports without prior functionalisation of the catalyst or solid 

support (Bannwarth, 2004). The advantages of physisorption methods for 

immobilising catalysts include ease and high yields of catalyst, with negligible 

impact on properties of the immobilised catalysts. A physisorption method 

was used to immobilise the Zinc phthalocyanine dye on the plain cellulose 

supports in this study.  

In covalent bonding, both catalyst and support materials generally have 

functional groups that can interact to form covalent bonds. Functionalisation 

and surface modification of the catalyst are therefore unavoidable in some 

cases (End & Schöning, 2004; Kirschning, 2004).  

Crosslinking is an irreversible process that forms crosslinks between 

catalyst molecules on the support through covalent bonding (Gao et al., 2014).  

Immobilisation by entrapment (encapsulation), entraps the catalyst 

within a network of support matrices that allow the passage of substrates and 

products while keeping the catalyst in place (Thangaraj & Solomon, 2019; 

Zhao et al., 2006).  
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Cellulose Supports 

Cellulose materials are becoming increasingly important in various 

industries. Cellulose, an important structural component of green plants, is the 

most abundant organic polymer in nature. It is considered an almost 

inexhaustible source of raw materials as the demand for renewable and 

biocompatible products continues to increase (Klemm et al., 2005). Cellulose 

is formed by linking repeating building blocks of D-glucose and possesses 

many remarkable properties such as hydrophilicity, biodegradability, chirality 

and versatile semi-crystalline fibre morphology. Cellulose, in the form of 

wood, cotton, and other plant fibres, is widely used as an energy source, 

building material, and clothing (Grishkewich et al., 2017). Cellulose has been 

used as a chemical raw material in various industries for over a century, 

because it is cheap, very strong and has versatile chemical modification 

capabilities. It has been used as a material for nanoparticles due to its excellent 

chemical and physical durability, biocompatibility, and chirality (Li et al., 

2017; Van Rie & Thielemans, 2017; Wu et al., 2016b), as proteins 

(Kauffmann et al., 2000; Zhang & Rojas, 2017), as antibodies and anticancer 

agents (Anaya-Plaza et al., 2017; Raghuwanshi et al., 2017). In this study, 

cellulose was extracted and purified from oil palm mesocarp fibres and 

pineapple leaves, as a carrier for the immobilisation process. 

Phthalocyanine Immobilised Polymer Supports 

Polymer composite technology opens up the prospect of fabricating 

materials from phthalocyanines supported on polymer matrices (Konovalova 

et al., 2001; Stilman, 1991). Phthalocyanines that are physically supported are 

bound by sorption forces and are incorporated into polymer matrices during 
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polymer synthesis, thin films formation, fibres and composites (Nikolaeva et 

al., 2006). Among the biopolymers, polysaccharides (such as cellulose) and 

proteins are most commonly used (Zugle, 2012). For example, Alam et al. 

(2020) recently prepared highly fluorescent cellulose nanocrystals (CNCs) by 

attaching carboxylated zinc phthalocyanine to two different types of cellulose 

nanocrystals. Lbova & Vasil'ev (2008) suggested that, porous phthalocyanine-

immobilised polymer supports could be used as catalysts in industrial 

petroleum and water treatment for sulphur removal. Such porosity is observed 

in cellulose, a biopolymer. The incorporation of phthalocyanines into cellulose 

fibres while retaining the properties of the phthalocyanines in the fibres have 

been reported. These functionalised fibres are favourable for various 

applications. Table 1 gives some examples of cellulosic supports 

functionalised with metal-phthalocyanines. 

Table 1: Examples of Cellulose-Based Supports, Functionalised with     

               Metal-Phthalocyanines 

 

Phthalocyanine Cellulose Type References 

Zinc phthalocyanines Glass wool Sindelo et al., 2022 

Zinc phthalocyanines Cellulose paper Grammatikova et al., 2019 

Cobalt (II) tetraamino 

Phthalocyanine 

Bacterial 

cellulose 

Teng, et al., 2018 

Cobalt (II) tetraamino 

Phthalocyanine 

Bacterial 

cellulose 

Chen & Teng, 2017 

Cobalt (II) tetraamino 

Phthalocyanine 

Cellulose acetate 

nanofiber mats 

Chen, Huang & Xu, 2012 

Cobalt (II) tetraamino 

Phthalocyanine 

Cellulose acetate 

nanofiber mats 

Chen, Huang & Xu, 2011 

Source: Compiled by author 

 

 

Applications of Immobilised Phthalocyanines  

Phthalocyanines absorb light mostly in the visible part of the 

electromagnetic spectrum, making them more accessible as sensitisers, than 

the ultraviolet part required for other sensitisers (Silva et al., 2004; Suri et 
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al.,1993). Due to their high thermal and chemical stability, phthalocyanines 

can be used as liquid-phase or gas-phase oxidants in a variety of catalytic 

reactions (García-Sánchez et al., 2013). In order to enhance their 

physicochemical strength, they first need to be immobilised on suitable 

supports (García-Sánchez et al., 2013). Incorporation of phthalocyanines into 

polymer supports in chemical sensors for instance, can be used as functional 

molecules to detect toxic gases in the environment (Sanchez et al., 2001). It 

has been reported that, cobalt phthalocyanine-functionalised polystyrenes are 

very sensitive to NO2 and also react with chloroform and perchlorethylene 

(Tsuiki & Maeda, 1996). Furthermore, zinc phthalocyanines-immobilised 

glass wool have been reported to exhibit photocatalytic activity towards 

methyl orange (Sindelo et al., 2022). Below are some examples of studies on 

the various applications of immobilised phthalocyanines in nitrogen dioxide 

gas detection, photodegradation of organic pollutants and antimicrobial 

photodynamic therapy (APDT). 

Immobilised phthalocyanines in nitrogen dioxide gas sensing  

Metal-phthalocyanine sensitivity and response to gases have been 

shown to depend on the chemical properties of the phthalocyanine complex 

and (if present) its peripheral substituents, the nature of the central metal ion, 

as well as on the thin layer morphology (Kratochvılova, et al., 2008; Šebera et 

al., 2009). The strong 18 π-electronic structure of phthalocyanines boost 

interactions with water and gases, through reversible and irreversible chemical 

reactions (Claessens et al., 2008; Öztürk et al., 2009), resulting in detectable 

physical changes (Duruk et al., 2015; Kumawat et al., 2015), in fluorescence 

conductivity, and mass density. Phthalocyanines are sensitive to gases and are 
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oxidised or reduced by molecules with redox activity such as hydrogen 

sulphide (H2S), nitrogen dioxide (NO2) etc. etc (Jha et al., 2014; Kumar et al., 

2017; Liu et al., 2019; Wu et al., 2016a). Since phthalocyanine was proposed 

as the active layer for NO2(g) detection, many researchers have studied the 

sensitivity of copper phthalocyanine under various conditions. Cadmium, 

cobalt, aluminium (Chakane et al., 2003; Maleysson et al., 1994) and 

lanthanide phthalocyanines (De Saja & Rodriguez-Mendez, 2005) are also 

studied as NO2 gas sensors.  

Phthalocyanines, generally have low solubility in common solvents, so 

it is essential to use a suitable solid carrier system in which the 

phthalocyanines are well dispersed. Therefore, the following gas-permeable 

supports, have been proposed for the development of phthalocyanine-based 

sensors for NO2(g) detection: tin-modified mesoporous silica (Yuliarto et al., 

2004), tin dioxide (Ling & Leach, 2004), gas-permeable liquid-core 

waveguides (Dasgupta et al., 1998), and porous silicon (Chakane et al., 2003). 

Nonetheless, metal-phthalocyanines that have been immobilised on cellulose-

based fibres for the detection of gases, especially NO2 (g), have not been well 

studied, despite the many advantages of its use. Cellulose fibres are generally 

porous and permeable to gas molecules. Furthermore, they have a high surface 

area to volume ratio and relatively large pores, making the entire cellulose 

surface fully accessible to the substrate (Li & Xia 2004). Table 2 shows 

examples of metal-phthalocyanine immobilised supports for NO2 gas 

detection. 
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Table 2: Metal-Phthalocyanine-Immobilised Supports for NO2 Gas  

   Sensing 

 

Phthalocyanines  Supports  Analyte References 

Zinc phthalocyanine ultrathin films NO2 Zhu et al., 2020 

Copper phthalocyanine thin films NO2 Liu et al., 2019 

Fluoroalkoxy-substituted 

phthalocyanine 

thin films NO2 

 

Sun et al., 2018 

Zinc phthalocyanine electrospun 

nano-fabrics 

NO2 Zugle & Nyokong, 

2012 

Iron phthalocyanine 

complex 

nanostructure 

matrix  

NO2 Fernández-Sánchez, 

2006 

Cobalt phthalocyanine polystyrene 

polymer 

NO2 Sanchez et al., 2001 

 

Lead phthalocyanine thin films NO2 Hsieh et al., 1998 

Zinc phthalocyanine thin films NO2 Inagaki et al., 1996 

Copper phthalocyanine thin films NO2 Dogo et al., 1992 

Tetrasulphonated Copper 

phthalocyanine 

thin films NO2 Mortesson et al., 

1990 
Source: Compiled by author 

  

As shown in Table 2, the applications of phthalocyanines have been 

limited to thin films by taking advantage of their semiconducting properties 

(Dogo et al., 1992; Hsieh et al., 1998; Inagaki et al., 1996; Liu et al., 2019; 

Mortesson et al., 1990; Sun et al., 2018; Zhu et al., 2020). Few studies 

involving the exploitation of the fluorometric properties of phthalocyanines on 

polystyrene polymers (Sanchez et al., 2001), nanostructured matrices 

(Fernández-Sánchez, 2006), and electrospun synthetic polymer nanofabrics 

(Zugle & Nyokong, 2012) have been reported. This study employs the use of 

zinc phthalocyanine immobilised natural cellulose fibres for fluorometric 

NO2(g) sensing for the first time. 

Immobilised phthalocyanines in photodegradation of organic pollutants 

Metal-phthalocyanine photosensitisers can strongly absorb visible light 

or sunlight and therefore, have attracted interest for visible light photocatalytic 

degradation of toxic organic pollutants (Tao et al., 2002, 2003) which, leads to 
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the production of less harmful photoproducts (Agboola et al., 2006), and most 

often complete mineralisation. Photosensitised degradation of organic 

pollutants in aqueous media with metal-phthalocyanine sensitisers mostly 

occur by the well-known Type II mechanism, which involves the generation of 

the highly oxidative singlet oxygen, responsible for the destruction of organic 

pollutants. Type I mechanism, which involves superoxide radicals, may also 

take part in the reaction but most often does not occur (Agboola et al., 2006). 

Yet these homogeneous metal-phthalocyanine catalysts are hardly recovered at 

the end of reaction for reuse (Gaigneaux et al., 1996; Pasiuk-Bronikowska et 

al., 1998) and suffer from limited lifetime activity due to the formation of 

inactive aggregates in solutions and bridged µ-oxo dimers which, significantly 

affect their catalytic activities (Kobayashi, 2002; Pergrale & Sorokin, 2000). 

Enhancing the stability and the dispersion of metal-phthalocyanines in 

solutions is therefore, essential to full exploitation of their photocatalytic 

activity. Immobilisation to solid supports, particularly porous supports, can 

stabilise crystals against oxidation while reducing aggregation by ordering the 

crystal packing and localising the internal space (Luo et al., 2004; Tao et al., 

2003). The molecules are dispersed there, have good photocatalytic activity, 

and can therefore, be isolated from the reaction product and reused. Table 3 

gives examples of some immobilised porous metal-phthalocyanines and their 

application in photolysis processes. 
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Table 3: Lists of Porous Metal-Phthalocyanine-Immobilised 

Photocatalysts and their Application in Photodegradation 

Processes 

 
 

Catalyst Application Irradiation 

Source 

Irradiation 

Time (min) 

References 

GW-ZnMCPPc, 

GW-ZnTCPPc, 

GW- ZnTIPAPc  

Degradation 

of MO 

Modulight 

690 nm laser  

720 min Sindole et 

al., 2022 

 

NiPcS-NH2-

KIT-6  

Degradation 

of DCP  

 

Visible  

 

150 Mousali & 

Zanjanchi, 

2020 

     

ZnTNPc–

MWCNTs  

Degradation 

of RB 

Visible 120 Wang et 

al., 2016 

 

CoPc/MCM-41  

 

Degradation 

of MO 

Visible  

 

120 Wang et 

al., 2015 
Source: Compiled by author 

 

**GW-ZnMCPPc: glass wool-Zinc (carboxy phenoxy) phthalocyanines; GW-

ZnTCPPc: glass wool-Zinc (4-carboxy phenoxy) phthalocyanines; GW-ZnTIPAPc: 

glass wool-Zinc (4-isophthalic acid) phthalocyanines; CoPc/MCM-41: cobalt 

phthalocyanine/mesoporous molecular sieves; ZnTNPc-MWCNTs: Zinc Tetranitro 

Phthalocyanine multi-walled carbon nanotubes. 

 

 

Phthalocyanine-immobilised cellulose have the potential to reduce 

various accumulation conditions and increase the effective surface area of the 

catalysts by allowing recovery and reuse, but are uncommon, as shown in 

Table 3. In this study, Zinc phthalocyanine immobilised on natural cellulose 

fibres was used for the degradation of a model organic pollutant, crystal violet 

dye, in aqueous media, using sunlight and red LED light sources. 

Immobilised phthalocyanines in antibacterial photodynamic therapy  

Photodynamic therapy (PDT) is based on the systemic or topical 

administration of non-toxic drugs or dyes called photosensitisers (Ps) to 

diseased patients. After some time, the lesion is irradiated with visible light 

(usually far-red light), which in the presence of oxygen causes the formation 

of cytotoxic species and consequent cell death and tissue destruction. It is a 
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safe treatment with no known cumulative toxicity (Castano, Demidova & 

Hamblin, 2004; Fonda-Pascual et al., 2016). Phthalocyanines have attracted 

considerable interest over the years as photosensitisers in antimicrobial 

photodynamic therapy. Photosensitisers are chromogenic compounds that can 

transfer energy from absorbed visible light to surrounding biological organic 

molecules or dissolved oxygen (Macdonald & Dougherty, 2001). They are 

used in the free form for most antimicrobial applications. However, 

photosensitisers encapsulated in liposomes, combined with antibiotics, and 

immobilised on solid supports have been reported to be active (Cahan et al., 

2010; Nakonechny et al., 2013; Nisnevitch et al., 2010; Nisnevitch et al., 

2013). The latter application was first proposed in the 1970s (Blossey et al., 

1973; Nilsson & Kearns, 1974) and quickly showed several advantages over 

the use of the free photosensitisers. These include easy removal after 

processing, reusability and continued use, improved resistance to 

photobleaching, and the ability to use solvents in which the free 

photosensitiser is insoluble (Nakonechny et al., 2013; Paczkowski & Neckers, 

1985; Schaap et al., 1975). Chen et al., (2011) also showed that the 

polycationic lysine moiety used as a carrier for Zinc phthalocyanine is active 

against Gram (+) and Gram (-) bacteria both in vitro and in vivo.  

The recent development of antimicrobial hydrogels has received a 

great deal of attention. The ability of hydrogels as excellent wound dressings 

and drug reservoirs, to deliver sustained drug delivery and achieve high local 

drug concentrations is well documented (Leung et al., 2020). Table 4 shows a 

list of some metal phthalocyanine immobilised carriers and their applications 

in antimicrobial photodynamic therapy (APDT). 
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Table 4: Lists of Metal-Phthalocyanine-Immobilised Supports and their 

    Applications in Antimicrobial Photodynamic Therapies (APDTs) 

 
Ps Support Light type Target 

Organism 

Light 

Dose 

Irrad. 

Period 

Ref. 

ZnPcPy Cellulose 

paper 

Fluores-

cent lamp 

S. aureus, 

E. coli and 

C. albicans 

270 

Lux 

30 and 

60 min 

 

Gramma-

tikova et 

al., 2019 

 

ZnPcPy Cellulose 

paper 

LED lamp S. aureus, 

E. coli and 

C. albicans 

4000 

Lux 

30 and 

60 min 

 

Gramma-

tikova et 

al., 2019 

 

ZnPc Electro-

spun PS 

fibers  

300 W 

lamp + 600 

nm glass + 

water filters 

S. aureus  

 

- 90 min Masilela 

et al., 

2013 

 

ZnPc Electro-

spun PUR 

fibres  

150 W cold 

white light  

 

E. coli  - 30 min Mosinger 

et al., 

2009 

TBZnPc 

ZnPcTS  

silicate 

matrix  

 

Bonnett-

Pell lamp 

660 nm 

max.  

E. coli  0.60 

mW 

cm-2  

120 min Artarsky 

et al., 

2006 

 

ZnPcS CS 

membra-

ne 

500 W 

halogen 

lamp 

E. coli - 90 min Bonnett 

et al., 

2006 

Source: Compiled by author 

 

***CS: Chitosan; Irrad: irradiation; Ps: Photosensitiser; PS: Polystyrene; PUR: 

Polyurethane; TBZnPc: Tetra (4-terbutyl) Zinc phthalocyanine; ZnPcPy: Zinc 

phthalocyanine tetra pyridine; ZnPcS: Zinc phthalocyanine tetra-suphoxy tetrasodium 

salt; ZnPcTS: Zinc phthalocyanine tetra-suphoxy complex. (Spagnul, Turner & 

Boyle; 2015). 

 
 

As shown in Table 4, aside the cellulose paper which, is natural-based 

(Grammatikova et al., 2019), the rest of the researchers used synthetic 

polymer-immobilised metal-phthalocyanines for antimicrobial photodynamic 

applications.  

Natural cellulose is the material chosen for this study because, it is 

abundant in natural resources. They are inexpensive, biodegradable, exhibit 

high porosity, water permeability and flexibility, good mechanical properties, 

chemical resistance, and high stability in most organic solvents, including a 
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very high surface fraction for interaction with cells (Jonoobi et al., 2010; Kalia 

et al., 2011; Moohan et al., 2020; Zeng et al., 2021). The ability to 

accommodate different molecules to optimise their properties for a particular 

application, and the ability to modify their structure and function, make them 

attractive for antimicrobial applications (Grammatikova et al., 2019; Huang et 

al., 2003).  

Furthermore, unlike polysiloxane and polyurethane matrices, the 

cellulose-based fibres do not block the interaction between the photosensitiser 

(zinc phthalocyanine in this case) triplet state and oxygen molecules. This is 

because their porous structure generally promotes the formation of reactive 

oxygen species, especially singlet oxygen, which is the main cytotoxic agent 

in antibacterial processes (Filatov et al., 2016).  

Efficient immobilisation of photosensitisers on solid supports and the 

resulting stability help reduce costs through efficient recovery, recycling, and 

easy removal after processing. 

Chapter Summary 

A review on the background and common synthetic routes to 

phthalocyanines; how other researchers used various precursors to synthesise 

metal-phthalocyanines through the microwave method; the background of 

photodynamic therapy (PDT); metal-phthalocyanine-based antimicrobial 

photodynamic therapy (APDT); catalyst immobilisation techniques on fibrous 

supports; phthalocyanine-immobilised polymer supports and the various 

applications of immobilised phthalocyanines in nitrogen dioxide gas sensing, 

photodegradation of organic pollutants, and antimicrobial photodynamic 

therapy (APDT) was reported.  
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CHAPTER THREE 

MATERIALS AND METHODS 

Introduction 

 

This chapter presents the materials and methods used in the synthesis, 

preparation, extraction, and purification of zinc phthalocyanine and cellulose 

fibre supports. It also includes the various tools used in product 

characterisation and analysis, including the exact quantities used in each 

experiment and finally, the methods used in their application as 

photosensitisers to inactivate bacteria and degrade an organic dye with both 

daylight and LED redlight irradiations. 

Reagents and Chemicals 

Deuterated dimethyl sulfoxide (DMSO-d6) and 1,3-diphenyl 

isobenzofuran (DPBF 97%) were purchased from Sigma Aldrich, Germany; 

Acetonitrile (HPLC grade) and Sulphuric acid (95-98%) from Merck KGaA, 

64271 Darmstadt, Germany; absolute Ethanol (100%), Methanol (100%), 

Hydrogen peroxide (30%), Hydrochloric acid (37%), Nitric acid, Sodium 

azide (100.2%), Sodium hydroxide (99%) and Metallic Copper from VWR 

(BHD Prolabo®) Chemicals, Belgium; N,N-dimethylformamide (DMF) >99% 

- HPLC grade, urea (> 98%) and Sodium iodide (extra pure) from Daejung 

Chemicals & Metals Co., Ltd, Korea; Zinc(II) chloride (98%), from Park 

Science Ltd-Northampton, UK; Ammonium hepta-molybdate tetrahydrate 

(99.3-101.8%), from Oxford Lab Fine Chem LLP, India; Phthalic anhydride 

(99%) from Nice Chemicals (P) Ltd, Manimala Road, Edappally, Kochi-

682024, Kerala, India.  
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Bacterial Isolates and Culture Media 

Clinical isolates and strains from the American Type Culture 

Collection (ATCC), including methicillin-resistant Staphylococcus aureus 

(MRSA) 3646 - a resistant phenotype; Methicillin-resistant Staphylococcus 

aureus (MRSA) ATCC 43300; Staphylococcus aureus ATCC 25923 - 

facultative anaerobic gram-positive bacteria, leading cause of surgical site 

infections and multidrug resistance; Pseudomonas aeruginosa and 

Pseudomonas aeruginosa ATCC 27312 - Gram-negative aerobic isolated from 

infected wounds, were obtained from the Department of Microbiology, 

Noguchi Memorial Medical Research Institute, University of Ghana, Legon. 

Culture media, including Müeller Hinton agar, nutrient agar, mannitol salt 

agar and gentamicin antimicrobial susceptibility test discs were obtained from 

Oxoid Ltd, UK. All the chemicals and reagents were used without further 

treatment. 

Instrument 

The lists of instruments used in the research are: 

1. Bruker FT-NMR Avance 500 spectrometer. Manufactured by Bruker 

Corperation, Ettlingen, Germany, situated at the Central Laboratory 

Complex, Kwame Nkrumah University of Science and Technology, 

Kumasi. 

2. JENWAY 7315 Spectrophotometer and T70 UV/VIS 

Spectrophotometer. Manufactured by the PG Instruments Ltd., the 

United Kingdom, situated at the Fisheries Department and the 

Chemistry Department respectively, University of Cape Coast, Cape 

Coast. 
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3. Fluorescence emission spectra were obtained on a Raman 

Spectroscopic System set-up, designed and developed in Ghana, at the 

Laser and Fibre Optics Centre (LAFOC), University of Cape Coast, 

Cape Coast. The setup components include a 445nm diode laser 

source, a high pass absorptive edge filter and a CCD-based detector 

system. Auxiliary components include an optical fibre cable, bifurcated 

optical fibre probe, fibre port, focusing lens, quartz cuvette and a 

microscope objective lens. 

4. Alpha Platinum ATR FTIR spectrophotometer. Manufactured by the 

Bruker Corporation, Germany and situated at the Central Laboratory 

Complex, Kwame Nkrumah University of Science and Technology, 

Kumasi.  

5.  PANalytical Empyrean series 2 Powder X-ray Diffractometer. 

Manufactured by the Malvern Panalytical Spectris Group Company, 

the Netherlands, situated at the Department of Physics, University of 

Ghana, Legon, Accra.  

6. Simultaneous Thermal Gravimetric Analyzer - Differential scanning 

calorimetry SDT Q600 V20.9 Build 20. Manufactured by TA 

Instruments, New Castle, DE, United States of America and situated at 

the Materials and Engineering Sciences Department, University of 

Ghana, Legon, Accra.  

7. Phenom ProX desktop Scanning Electron Microscope. Manufactured 

by Thermo Scientific, Eindhoven-the Netherlands and situated at the 

Department of Earth Science, University of Ghana, Legon.  
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8. Ecocell convection Oven 55. Manufactured by MMM Medcenter 

Einrichtungen GmbH, Germany, situated at the Department of 

Chemistry respectively, University of Cape Coast, Cape Coast.  

9. Customised LED Lamp. Manufactured by Perfect LED Limited, 

ShenZhen, GuangDong, China.  

10. Center 531 LED Light meter. Manufactured by Center Technology 

Corp., Taiwan.  

11. Dry Oven/Incubator. Manufactured by Bioline International, Germany, 

situated at the Microbiology laboratory, Cape Coast Teaching Hospital, 

Cape Coast.  

12. Matachana Steriliser/Autoclave. Manufactured by the Matachana 

Group, Germany, situated at the Microbiology laboratory, Cape Coast 

Teaching Hospital, Cape Coast. 

13. ESCO Class II Biosafety Cabinet. Manufactured by Esco Lifesciences 

Group, Singapore, situated at the Department of Biomedical Sciences, 

University of Cape Coast, Cape Coast. 

14. Samsung Microwave Oven, model Q ME732K. Manufactured by the 

Samsung Group, Malaysia.  

15. Laboratory Centrifuge, VWR Mega Star 600. Manufactured by VWR 

Group, Germany. Situated at the Department of Chemistry, University 

of Cape Coast, Cape Coast.  

16. Ultrapure (type 1) Water Purification System. Manufactured by Merck, 

France. Situated at the Department of Chemistry, University of Cape 

Coast, Cape Coast.  
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Microwave Synthesis of Zinc Phthalocyanine 

Phthalic anhydride (2.6658 g, 18 mmol) was weighed into a mortar and 

pulverised for 10 min, then Urea (5.5256 g, 92 mmol) was added and 

pulverised for another 10 min. Then, zinc chloride (1.0224 g, 7.5 mmol) and 

ammonium hepta-molybdate tetrahydrate catalyst (0.0803 g, 0.065 mmol) 

were added to the contents in the mortar and pulverised into a smooth paste. 

The ratio of urea-to-zinc chloride in the mixture was approximately 5:1. The 

mixture was transferred into a reaction flask (250 ml thick-walled Pyrex 

Erlenmeyer flask) and 5 mL of distilled water was added to the mixture. The 

flask was placed on top of a silica gel bath, that acts as an insulator, and then 

placed in a microwave oven with an output power of 600 W, for the reaction 

to take place. The total reaction time was between 3 and 4 minutes, divided 

into four 30-second intervals and two 60-second intervals, with 5-second 

pauses in between, to prevent the mixture from boiling over. The resultant 

product was a dark greenish-purple crude Zinc phthalocyanine.  

To remove the unreacted raw materials, the crude zinc phthalocyanine 

was then washed in several millilitres of deionised water (70 oC), filtered at 

the pump, then dissolved in 100 mL 6 M HCl solution at 40 oC, filtered at the 

pump and then neutralized with 100 mL 1 M NaOH solution, filtered at the 

pump, washed with several millilitres of distilled water (70 oC) till neutral pH, 

followed by 50 mL methanol and dried in the oven at 110 °C. Purification 

continued by Soxhlet extraction of the dried solid using Acetonitrile as the 

solvent, till a clear solvent was obtained. The dried solid was then 

recrystalised by dissolving in 70 % H2SO4 solution and poured into distilled 

water to precipitate. The precipitates were washed with distilled water till pH 
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7 (neutral) and filtered at the pump. The resultant pure zinc phthalocyanine 

dye was dried in the oven at 110 oC and stored in a dark bottle for further 

analysis method (Shaabani, 1998; Shaabani et al., 2007; Kahya et al., 2019; 

Villemin et al., 2001). The schematic presentation of the synthetic process is 

shown in figure 10. 

 

Figure 10: Synthetic routes for the unsubstituted zinc phthalocyanine Dye. 

 
 

Preparation and Extraction of Cellulose from Oil Palm Mesocarp Fibre 

Cellulose from the fibres was extracted according to a modified 

method (Khenblouche et al., 2019). The unrefined oil palm mesocarp fibres 

(Ur-OPMF) were obtained after palm oil was extracted from the pulp at a local 

palm oil manufacturing company. The fibres were sent to the laboratory, 
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washed with tap water and boiled in tap water at 100 °C for 3 hours, to remove 

excessive wax and other impurities. Then, dried in the oven at 85 °C to a 

constant weight. The dried unrefined fibres were then heated in ethanol 

(absolute) at 70 °C for 1.5 hours, to further remove oils, waxes and impurities 

that were insoluble in the hot water but soluble in the ethanol. This process 

was repeated twice. The fibre-to-solvent ratio was 1:30 (w/v). The dewaxed 

fibres were then dried in the oven at 85 °C to a constant weight. The dried 

dewaxed fibres were then boiled in 1 M NaOH solution at 90 °C for 30 mins 

with periodic stirring, to remove lignin and hemicellulose for refined cellulose 

(the longer the processing time, the softer or dissolved the resultant fibre). 

This process was repeated two more times with a fibre-to-solvent ratio of 1:30 

(w/v). The refined cellulose fibres were then filtered from the NaOH solution 

and washed with deionised water till neutral pH (pH 7). Then, bleached by 

immersion in hot 5% (v/v) H2O2 at pH 11.5 (pH 11.5, was achieved by the 

addition of 1 M NaOH) at 90 °C for 45 mins, to remove the remaining lignin 

and whiten the fibres. The process was repeated five more times due to the 

fibrous nature of the palm fibres, with periodic stirring. The fibre-to-solvent 

ratio was 1:40 (w/v). The bleached cellulose oil palm mesocarp fibres (B-

OPMF) were then filtered from the H2O2 solution, washed with deionised 

water till neutral pH (pH 7) and dried in the oven at 85 °C to a constant 

weight. Then, stored in labelled air-tight containers for further analysis. 

Preparation and Extraction of Cellulose from Pineapple Leaves 

The extraction process of the unrefined pineapple leaf fibres (Ur-PLF) 

differs slightly from that of the unrefined oil palm mesocarp fibres (Ur-

OPMF). The pineapple leaf fibres were manually extracted from fresh green 
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pineapple leaves (Smooth cayenne species.), by using the edge of a ceramic 

plate to scrub off the green extractable waxy substance from the surface of the 

leaves, on an improvised marble table top, to expose the long tiny threadlike 

strips. This process removed most of the lignin content in the fibres exposing 

more of the α-cellulose. The fibres were then washed severally with tap water 

at ambient temperature, boiled in tap water at 100 °C for 3 hours and then 

dried in the oven at 85 °C to a constant weight. The dried fibres were then 

heated in ethanol (absolute) at 70 °C for 1.5 hours to further remove oils, 

waxes and impurities that were insoluble in the hot water but soluble in the 

ethanol. This process was repeated twice. The fibre-to-solvent ratio was 1:30 

(w/v). The dewaxed fibres were then dried in the oven at 85 °C to a constant 

weight. The dried dewaxed fibres were then boiled in 1M NaOH at 90 °C for 

10 mins, with periodic stirring to remove lignin and hemicellulose for refined 

cellulose (the longer the processing time, the softer or dissolved the resultant 

fibre). The fibre-to-solvent ratio was 1:30 (w/v). The refined cellulose fibres 

were then filtered from the NaOH solution and washed with deionized water 

till neutral pH (pH 7). Then bleached by immersion in hot 5% (v/v) H2O2 at 

pH 11.5 (pH 11.5, was achieved by the addition of 1 M NaOH) at 90 °C for 15 

mins, to remove the remaining lignin and whiten the fibres. The process was 

repeated two times with a solvent-to-fibre ratio of 1:40 (w/v). The bleached 

cellulose pineapple leaf fibres (B-PLF) were then filtered from the H2O2 

solution, washed with deionised water till neutral pH (pH 7) and dried in the 

oven at 85 °C to a constant weight. They were then stored in labelled air-tight 

containers for further analysis. 
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Preparation of the Gauze Bandage 

The reference plain gauze bandage (P-GB) was only boiled in 

deionised water at 100 °C for 3 hours (since, it is an already refined/bleached 

material). It was dried in the oven at 85 °C to a constant weight and then 

stored in labelled air-tight containers for further analysis. 

Immobilisation of Zinc Phthalocyanine on the Cellulose-Based Fibres  

About 0.058 g zinc phthalocyanine dye was dissolved in 2 mL DMF to make a 

stock solution of 50 mM from which, serial dilutions of various concentrations 

ranging from 0.35 mM to 50 mM were prepared. The bleached cellulose-based 

fibre supports (B-OPMF and B-PLF) and the reference fibre (P-GB), were 

then dispersed in the various zinc phthalocyanine solutions at ambient 

temperature overnight. The resultant immobilised or functionalised cellulose-

based fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), were then dried in the 

oven at 110 oC to a constant weight and stored in dark labelled air-tight 

containers for further analysis. 

UV Lamp Images of the Functionalised Cellulose-Based Fibres 

The refined cellulose-based and functionalised cellulose-based fibre 

supports were viewed under the UV lamp to ascertain physically, whether the 

zinc phthalocyanine dye was successfully immobilised.  

Nuclear Magnetic Resonance (NMR) Spectroscopy 

About 10 mg of the zinc phthalocyanine dye was weighed and 

dissolved in ~450µL of DMSO-d6 in a sample vial. The sample was vortexed 

and filtered into the NMR tube. The prepared sample was tightly capped and 

the tube was wiped clean with isopropyl alcohol. The tube containing the 

sample was inserted into the spinner and the depth of the solution was 
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determined to be ~5mm in length. The sample (with the spinner) was then 

injected into the NMR spectrometer for 1H (proton) experiments. 

UV-Visible Spectroscopy  

Serial dilutions ranging from 55.5 M to 0.26 M concentrations were 

made from a stock solution of 0.35 mM concentration, by dissolving 0.001g 

zinc phthalocyanine in 5mL DMF solvent and their absorbances recorded. 

Fluorescence Spectroscopy 

Fluorescence emission spectra of the synthesised zinc phthalocyanine 

and functionalised cellulose-based fibres were obtained on a designed and 

developed Raman spectroscopic system set-up. An amount of the dye was 

dissolved in a volume of DMF solvent and the emission spectra in a quat 

supra-cell cuvette was recorded. To further evaluate the effect of the 

concentration of zinc phthalocyanine solution and that of the functionalised 

fibres on the fluorescence emission, serial dilutions ranging from 320 M to 

8.5 M concentrations were made from a stock solution of 3.5 mM 

concentration, prepared by dissolving 0.01g of the zinc phthalocyanine dye in 

5 mL DMF solvent and their emission spectra were recorded. For the 

functionalised cellulose-based fibre supports, 50 mg of 0.35 mM, 0.87 mM, 

3.5 mM, 35 mM and 43 mM concentrations respectively of each of the ZnPc-

GB (the reference), ZnPc-OPMF and ZnPc-PLF was, put in a mini beaker and 

their emissions spectra were recorded. 

FT-IR Spectroscopy 

A few milligrams of the zinc phthalocyanine dye, the unrefined dried 

fibres, the refined fibres (P-GB, B-OPMF & B-PLF) and functionalised fibres 

(ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) respectively, were then placed 
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directly on the crystal plate to coat the entire surface and then a little pressure 

was applied to the samples to ensure maximum contact. Then, each sample 

was scanned 24 times to generate a simple spectrum using software called 

OPUS. 

PXRD Spectrometry 

One gram of zinc phthalocyanine dye was mixed thoroughly with a 

spatula. A flat surface was used to push the powder down and pack it into the 

recess. This ensured that the particles were tightly packed, randomly oriented, 

and produced samples with smooth and flat surfaces before analysis 

Thermal Gravimetric Analyzer-Differential Scanning Calorimetry (TGA-

DSC)  

Approximately 1-2 mg (Table 5) of the zinc phthalocyanine dye, the 

bleached cellulose-based fibres and the functionalised fibres were put in a 

crucible and placed in the instrument's sample holder for analysis under 

nitrogen gas conditions. Measurements were done at 20 °C/min to 800 °C. 

Data was then generated with the TA universal analysis software. The exact 

amounts that were for the analysis are presented in Table 5. 

Table 5: Masses of Samples used in the TGA-DSC Analysis 

 

Sample Mass (mg) 

Zinc phthalocyanine (ZnPc) 

Plain gauze bandage (P-GB) 

Bleached oil palm mesocarp fibre (B-OPMF) 

Bleached pineapple leaf fibre (B-PLF) 

Zinc phthalocyanine-gauze bandage (ZnPc-GB) 

Zinc phthalocyanine-oil palm mesocarp fibre (ZnPc-OPMF) 

Zinc phthalocyanine- pineapple leaf fibre (ZnPc-PLF) 

1.8710 

1.2890 

1.9570 

2.8380 

1.4280 

0.9460 

1.0820 

Source: Laboratory Analysis (2016-2021) 
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SEM-EDS  

The zinc phthalocyanine dye, bleached fibres (P-GB, B-OPMF & B-

PLF) and the functionalised fibres (ZnPc-GB, ZnPc-OPMF & ZnPc-PLF) 

respectively, were cut and trimmed to fit the specimen stage and then mounted 

unto an aluminium stub with a pelco double sided carbon adhesive. An ultra-

thin coating of gold was sputtered on the cellulose-based fibres due to poor or 

no conductivity. Optical images were then captured at the lowest 

magnification of 20x. Backscattered images were captured at different 

magnifications (minimum to maximum) using an image intensity and high-

resolution voltage mode of 10 kV and a backscatter detector until best image 

focusing ends.  

Also, using the Phenom ProSuite software (element identification), 

EDS point analysis at 15 Kv, duration of 30 seconds and map analysis at 15 

Kv, duration of 4 minutes 26 seconds were used for the elemental 

identification, distribution and concentration respectively.  

Photo-Measurements 

Singlet oxygen generation and quenching studies, antibacterial 

photodynamic therapy and photodegradation measurements were done using a 

customised LED lamp with a 670  5 nm emission spectrum, as the redlight 

source and the light intensities were measured with the centre 531 light meter.  

Photostability Studies of the Zinc Phthalocyanine Solution 

Zinc phthalocyanine solution (about 35 µM) was irradiated with an 

LED redlight (670  5 nm) at 2500-3000 lx (lm/m2) intensity at ambient 

temperature and the absorbance was recorded at 30 min time intervals over 90 

min period. The difference in absorbance at the Q-band was evaluated and the 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

62 

photostability factor was then calculated and expressed as a percentage (Rocha 

et al., 2015).  

% Photostability Factor  =  
It

I0
 ×  100 ………………………………… Eqn. 1 

Where It is the Q-band absorbance intensity at a given irradiation time 

and I0 is the absorbance intensity before irradiation. 

Singlet Oxygen Production Measurements  

For the daylight irradiation, a mixture containing 1.5 mL of 55 M 

DPBF and 1.5 mL of 9.9 M zinc phthalocyanine solutions each in DMF in a 

ratio of 1:1, was exposed to daylight at intensity ranging 850-950 lx (lm/m2), 

at ambient temperature. The absorbance of DPBF at 416 nm was then 

recorded at different irradiation times, using the UV-vis spectrophotometer. 

For the LED redlight irradiation, a mixture containing 1.5 mL of 66 M DPBF 

and 1.5 mL of 9.9 M zinc phthalocyanine solutions each in DMF in a ratio of 

1:1, was exposed to LED redlight (670  5 nm) at intensity ranging 900-920 lx 

(lm/m2), at ambient temperature. The absorbance of DPBF at 418 nm was then 

recorded with the UV-vis spectrophotometer.  

The iodometric technique was employed for the functionalised fibres 

(ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), since they are intended for use in 

aqueous media. The experiment was performed in the dark. Fifty milligram of 

35 mM each of ZnPc-GB (the reference fibre), ZnPc-OPMF and ZnPc-PLF 

were put in 10 mL beakers and 6 mL of 0.1M NaI solution was added. The 

beakers containing the samples were then left in the dark for about 30 mins - 1 

hr, to allow the fibres to soak in the solution and then irradiated with both 

LED redlight (670  5 nm) and daylight respectively. Daylight and LED 

redlight intensities ranged from 2500-5000 lx (lm/m2) and 2000-2500 lx 
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(lm/m2) respectively. Portions of the irradiated solution were removed and the 

absorbances, recorded at 2 min time intervals with the UV-vis 

spectrophotometer.  

Singlet Oxygen Quenching Test  

Fifty milligram of 35 mM each of ZnPc-GB, ZnPc-OPMF and ZnPc-

PLF were put in 10 mL beakers and 3 mL each of freshly prepared solutions 

of 0.1 M NaI and 0.1 M NaN3 in a 1:1 ratio was added. The beakers were left 

in the dark for about 30 mins - 1 hr, to allow the fibres to soak in the solution 

and then irradiated with LED redlight (670  5 nm) and daylight respectively. 

Daylight and LED redlight intensities ranged from 850-950 lx (lm/m2) and 

900-920 lx (lm/m2) respectively. Portions of the irradiated solution were 

removed and their absorbances recorded at 2 min time intervals with the UV-

vis spectrophotometer.  

Leaching Studies  

The functionalised cellulose fibre supports were immersed in water, 

saline solution and methanol separately for 24 hours to ascertain, whether the 

zinc phthalocyanine will leach out of the fibre supports into the solutions. The 

absorbance of the solutions was then recorded with the UV-vis 

spectrophotometer.  

Fluorometric Detection of Nitrogen Dioxide Gas 

Nitrogen dioxide (NO2) gas was produced by reacting copper dust with 

dilute nitric acid. 

Cu(s) + 4HNO3(l) ⇋ 2NO2(g) + Cu (NO3)2 + 2H2O(l) ………...………….... Eqn. 2 

The NO2 gas produced in the test tube was then siphoned into 5 mL syringes 

for the quenching test. zinc phthalocyanine solution (in DMF) was analysed by 
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first measuring the emission. Then the NO2 gas (about 5 mL) was bubbled into 

the solution, one syringe at a time, and the emissions at the Q band were 

recorded after every 2 minutes of exposure to the NO2 gas, until the green 

solution in the cuvette turned brown. 

The same procedure was carried out on the functionalized cellulose-

based fibres. About 50 mg of each fibre was put in a 10 mL beaker and their 

emissions were recorded without the NO2(g). After which, NO2(g) (about 3 mL) 

was sprayed onto the surface of the fibres and the emission spectra were 

recorded every 2 minutes after spraying. The process was repeated until the 

fibres turned brownish in colour and the peaks at the Q band disappeared. Yet, 

the actual quantity of NO2 gas in every 5 mL or 3 mL syringes respectively, 

could not be determined because of their gaseous nature.  

Heterogeneous Photodegradation of Crystal Violet Dye  

Photodegradation experiments were done in reactors (beakers), placed 

on magnetic stirrers. Sunlight/daylight and LED redlight intensities were 

measured with a centre 531 LED light meter. Catalyst loads of 200 mg each of 

ZnPc-GB (the reference), ZnPc-OPMF and ZnPc-PLF (25-50 mM) were 

immersed in 50 mL aqueous solutions of crystal violet (30-60 mgL-1) in 150 

mL beakers. The beakers containing the samples were then left in the dark for 

30 min-1 hr to allow the fibres to soak in the solution (Morshed et al., 2020; 

Sindole et al.,2022). The beakers were then put on the magnetic stirrer for 

continuous stirring at 250 r.p.m and then exposed to both LED redlight (670  

5 nm) and sunlight/daylight respectively. Daylight/sunlight and redlight 

intensities ranged from 12000-50000 lx (lm/m2) and 8000-10000 lx (lm/m2) 

respectively. For the sunlight/daylight irradiations, the reactors were 
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positioned on a corridor in the opening for the desired light intensity, whilst 

the reactors for the LED redlight (670  5 nm) irradiations, were sandwiched 

between two LED lamps in a dark room. Distances between the reactors and 

the LED lamps were measured and varied for the desired redlight intensities. 

Portions of the irradiated solutions were removed from the reaction mixtures 

at regular time intervals, centrifuged for 5 min at a speed of 4000 r.p.m and the 

residual concentrations of the contaminant were detected with the UV-vis 

spectrophotometer. The percentage degradation of the crystal violet 

contaminant was calculated by using formula (3):  

Degradation %  =  
(C0− Ct)

C0
 ×  100   ……….…………..……………….. Eqn. 3  

where C0 = initial CV concentration (mg/L) and Ct = CV concentration 

at time ‘t’ (mg/L).  

Photocatalysts recyclability studies 

A three-cycled experiment was carried out for the degradation of 

Crystal Violet (50 mgL-1), under the same experimental conditions above. The 

functionalised fibres, ZnPc-GB, ZnPc-OPMF and ZnPc-PLF (35 mM) were 

removed from the solution by squeezing, washed, oven-dried at 110 oC to a 

consistent weight, after every cycle and reused for the next cycle.  

Antibacterial Photodynamic Activity of the Functionalised Fibres 

Washing and sterilization  

Glassware and forceps were washed autoclaved at 121 °C for 15 min 

and dried. All media were sterilized by autoclaving at 121°C for 15 minutes 

prior to use. The inoculation loop and needle were heated to red hot with a 

spirit lamp flame and air cooled before and after use. The surface of the ESCO 
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Class II biosafety cabinet were sprayed with 70% ethanol before and after use 

and wiped with a clean, soft cloth soaked in ethanol. 

Preparation of Culture Media  

The various culture media i.e. mannitol salt agar, Müeller-Hinton agar, 

nutrient agar etc were prepared a day before the susceptibility test as below.  

Mannitol salt agar media  

Dehydrated Mannitol Salt Agar (MSA) powder (22.2 g) was suspended 

in 200 mL of distilled water. The mixture was placed on a magnetic stirrer hot 

plate into, which a magnetic stirrer bar was inserted to ensure uniform mixing. 

The media was boiled until a clear medium was obtained. It was then 

autoclaved for 15 minutes at 121°C. This was used to perform the 

identification or the confirmation test on the Staphylococcus aureus species 

obtained, before using them for the APDT. A positive test will give a yellow 

colour change on the pink Mannitol Salt agar plate, after 18-24 hrs incubation. 

Müeller-hinton agar media  

Müeller-Hinton Agar (MHA) powder (38.0 g) was suspended in 1.0 L 

of distilled water. The mixture was placed on a magnetic stirrer hot plate into, 

which a magnetic stirrer bar was inserted to ensure uniform mixing. The 

media was boiled until a clear medium was obtained. It was then autoclaved 

for 15 minutes at 121°C.  

Nutrient agar media  

The Nutrient agar was used to culture the test bacteria a day before the APDT. 

The dehydrated Nutrient agar powder (14.0 g) was suspended in 500 mL of 

distilled water and placed on a magnetic stirrer hot plate for uniform mixing. 
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The media was brought to a boil until a clear media was obtained and then 

autoclaved for 15 minutes at 121°C.  

Invitro Antibacterial Photodynamic Activity Test by the Disc Diffusion 

and Zone Inhibitory Methods 

Müeller-Hinton agar plates were used for the disc diffusion and zone 

inhibition analysis using ISO 20645 (BS EN ISO 20645, 2004; Orhan et al., 

2009; Pinho et al., 2011) and a Kirby-Bauer disc diffusion method (Bauer et 

al., 1966; CLSI 2021) with slight modification, as the standard protocols to 

evaluate the susceptibility or resistance of isolates to the functionalised 

cellulose fibres. The functionalised cellulose-based fibres (ZnPc-GB, ZnPc-

OPMF and ZnPc-PLF), with known concentrations of zinc phthalocyanine, 

were cut into circular discs (10 mm) and autoclaving for 15 mins at 121°C 

before the susceptibility test. The bacterial suspensions of test isolates were 

then prepared using normal saline and adjusted to the 0.5 McFarland turbidity 

standard, approximately 1-2×108 CFU/ml. The suspensions were subsequently 

used to inoculate (streak) sterile Müeller-Hinton agar plates to provide 

bacterial lawns with confluent growth. The functionalised fibre discs were 

then placed on their surfaces and left in the dark at 36°C for 60 mins. They 

were then treated with LED redlight (670  5 nm) and natural daylight 

radiations, at intensities ranging between 2000-2500 lx (lm/m2) and 400-1500 

lx (lm/m2) respectively, for 30 min at ambient temperature and then incubated 

at 36°C for 16-18 hr (S. aureus) and 24-48 hr (P. aeruginosa). For normal 

daylight (not directly in the sun) treatment, the MHA plates containing the 

bacteria strains were left near an open window for 30 minutes whilst treatment 

with the redlight involved placing the 670nm LED lamps, opposite each with 
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the bacteria samples in-between, at a distance to give the desired intensity. 

After incubation, the diameters of zones of inhibition (clear zones) were 

measured and recorded.  

Control conditions 

The bacteria strains were independently given, light-only and 

photosensitiser-only treatment doses as control treatments. For light-only 

treatment, the bacteria strains on the MHA plates, were irradiated with high 

doses of both daylight and LED redlight (670  5 nm) sources at intensities 

ranging between 2000-3500 lx (lm/m2) and 4500-5000 lx (lm/m2) respectively, 

for 30 min at ambient temperature before, they were incubated in the dark for 

18-24 hrs. Whilst for the photosensitiser-only treatment, the bacteria strains on 

the MHA plates containing the functionalised fibre discs and 10 µg gentamicin 

discs, were wrapped with aluminium foils and incubated in the dark for 18-24 

hrs. 

Chapter Summary 

The various protocols and instumentations used in the synthesis and 

characterisation of the zinc phthalocyanine; extraction of the natural cellulose 

from oil palm mesocarp fibres and fresh pineapple leaves; immobilisation of 

the zinc phthalocyanine on the bleached cellulose-based fibres and their 

various instrumentations, including those for the photophysical, 

photochemical, optical detection of the NO2 gas, photodegradation of crystal 

violet dye (a model organic dyes) in water and antibacterial photodynamic 

processes were specified in this chapter.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

Introduction 

 

The synthesis of Zinc phthalocyanine (ZnPc) dye was achieved 

through a solvent-free microwave method, followed by extraction and 

bleaching of unrefined oil palm mesocarp and pineapple leaf fibres. The dye 

was then immobilized on refined cellulose-based fibres to create 

functionalised cellulose-based fibres. These fibres were then studied for 

photodynamic and photodegradation applications, including nitrogen dioxide 

gas detection, crystal violet dye degradation, and bacteria inactivation. The 

results and insights from the analyses are therefore, presented in this chapter. 

Microwave Synthesis of Zinc Phthalocyanine 

The unsubstituted zinc phthalocyanine complex was obtained by the 

cyclotetramerization reaction of Phthalic anhydride and Urea in a 5:1 molar 

ratio with zinc chloride, using ammonium heptamolybdate tetrahydrate as a 

reaction catalyst. The resulting zinc phthalocyanine dye was crystalline in the 

solid state (Figure 11a) and greenish in DMF and DMSO solvents (Figure 

11b). 

 

 

 

 

 

 

Figure 11: Images of the synthesised zinc phthalocyanine (a) dye and (b) in 

        DMF solution. 

  

                                

(a) (b) 
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Nuclear Magnetic Resonance Analysis of Synthesised Zinc 

Phthalocyanine  

The proton nuclear magnetic resonance (1H-NMR) spectra of 

phthalocyanines are known to exhibit large diamagnetic ring current effects 

due to the macrocyclic 18-π system (Barthel & Hanack, 2000; Haisch et al., 

1997; Law et al., 1997). Therefore, signals from aromatic protons of 

phthalocyanines are shown in the lower panel. Planar phthalocyanines exhibit 

strong shifts of aromatic and central ring protons at various concentrations and 

temperatures due to aggregation phenomena (Terekhov et al., 1996).  The  1H-

NMR spectrum is presented in Figure 12.  

 
 

Figure 12: The 1H NMR spectrum of the synthesised zinc phthalocyanine dye 

 
 

 

The 1H NMR spectrum of the zinc phthalocyanine showed a single 

proton signal around 7.84 ppm in the aromatic region (Figure 12), originating 

from protons on the benzene rings of the four N-bridged isoindole units 

forming the phthalocyanine ring system (Alam et al., 2020). With all the 
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symmetry going on in the compound, the aryl protons are expected to be in the 

same chemical environment hence, yielded one signal.  

UV-Visible Spectroscopy of Synthesised Zinc Phthalocyanine in Solution  

Ground-state electronic spectra are particularly useful for identifying 

the structure of phthalocyanines. In general, the UV-Vis spectra of 

phthalocyanines show typical electronic spectra with two strong absorption 

bands known as Q-band and B-band. The strong Q-band in the far-red region 

around 600–750 nm, which accounts for its intense colour, is due to 𝜋-𝜋* 

transitions from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) of the phthalocyanine ring, while the 

B-band, a set of less intense but higher-energy transitions, is in the blue region 

of the electromagnetic spectrum around 350 nm (Baumann et al., 1996; 

Hacıvelioglu et al., 2008; He et al., 2008; Stillman et al., 1989). The 

absorption spectrum is presented in Figure 13. 

 

Figure 13: Absorption spectrum of Zinc phthalocyanine in DMF 
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The synthesised zinc phthalocyanine dye in N,N-dimethylformamide 

(DMF) solution at room temperature exhibited two characteristic main 

absorption peaks in the B or Soret band around 340 nm and the Q band around 

670 nm, with a shoulder around 604, as shown in Figure 12. This agrees with 

literature (Ogunsipe et al., 2003). The spectrum showed monomeric behaviour 

recognisable by a single (narrow) Q-band typical of metal-phthalocyanines 

(Ugur et al., 2012). Two well-resolved peaks at 670 nm and 604 nm can be 

assigned to monomer π-π* transitions from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the 

phthalocyanine ring, while the band at 340 nm can be attributed to a lower π-

level LUMO transition (Snow & Jarvis, 1984; Sasmaz, et al., 1999). 

The aggregation behaviour of Zinc phthalocyanine was also 

investigated at various concentrations in DMF using UV-vis 

spectrophotometry. Deviations from Beer-Lambert Law in concentration-

dependent measurements are often used to check aggregation of 

phthalocyanines in DMF, DMSO solutions, etc. Therefore, the solubility of the 

zinc phthalocyanine dye in DMF was evaluated at various concentrations 

ranging from 0.26 to 55.5 μM to check for dimerization and aggregation. 

Absorbance of the Q-band at 670 nm was plotted against zinc phthalocyanine 

concentration in DMF to check if the Beer-Lambert law is obeyed. The results 

are presented in Figure 14.  
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Figure 14: Absorption spectra of ZnPc displaying differences in absorbance 

        with concentrations in DMF. Inserted: Beer- Lambert law. 

  
 

The intensity of the Q band increased linearly with increasing 

concentration and aggregation did not result in the formation of new bands 

(usually blue-shifted). There is also a significant linear correlation between Q-

band intensity and concentration (Figure 14), suggesting that the upper 

concentration range (55.5 μM) eliminates aggregation according to the Beer-

Lambert law (inset). 

Fluorescence Emission Spectral Analysis of Synthesised Zinc 

Phthalocyanine in Solution 

It has been reported that the molecule does not fluoresce in the 

aggregated state, but that fluorescent properties become apparent when 

aggregation is reduced (Kimura et al., 1997). Therefore, the fluorescence 

emission spectra of the synthesised zinc phthalocyanines was studied to 
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determine their behaviour in both solid and solution forms (that is, DMF 

solvent). The emission spectrum is shown in Figure 15. 

 

Figure 15: Emission spectra of zinc phthalocyanine dye (red), DMF solvent 

        (purple) and zinc phthalocyanine solution (turquoise). 

 
 

Fluorescence is usually quenched when the solution is concentrated or 

the compound is in the solid state. As seen in Figure 15, the Zinc 

phthalocyanine dye did not exhibit any fluorescence emission peaks, possibly 

because of the π-π stacking ascribed to the aggregation properties of the 

phthalocyanine complexes, whereas the zinc phthalocyanine solution (8.5 µM) 

exhibited two bands in the red spectral region, a strong Q-band emission 

maximum at ~680 nm and a corresponding minor peak at ~750 nm, similar to 

literature (Kahya et al., 2019; Ogunsipe et al., 2003; Scalise & Durantini, 

2005). The DMF solution alone did not show any fluorescence emission peak 
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(Kahya et al., 2019). Therefore, it is confirmed that the peak observed in 

solution is that of zinc phthalocyanine. 

It is generally reported that, the fluorescence band S1 → S0 of rigid 

molecules such as aromatic compounds is the mirror image of the absorption 

band (S0 → S1). Also, emission is generally more red-shifted than absorption 

because, the vibrational energy levels involved are lower in fluorescence 

emission but higher in absorption (Michl & Bonacic-Kotechy, 1990). 

Therefore, the emission and absorption behaviours of the synthesised Zinc 

phthalocyanines were compared, as shown in Figure 16. 

 

Figure 16: Absorption and emission spectra of the synthesised Zinc    

       phthalocyanine in DMF.  
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relative to the absorption spectrum. Furthermore, the emission band was 

observed to be a mirror image of the absorption band (Figure 16), consistent 

with the literature (Michl & Bonacic-Kotechy, 1990). 

Effect of zinc phthalocyanine concentration on fluorescence 

The usual phenomenon is that fluorescence intensity increases with 

substance concentration (at very low concentrations), but this was not the case 

in this study. This is believed to be due to aggregation (π-π stacking), normally 

associated with the concentrated solution and solid state of zinc 

phthalocyanine. As the amount of zinc phthalocyanine molecules in solution 

increases, the electrostatic interaction between them becomes stronger and 

aggregates are formed. The radiation emitted in solution is absorbed in the 

process (Kahya, 2012), quenching the fluorescence. The fluorescence 

emission spectrum of zinc phthalocyanine in DMF analysed, at various 

concentrations to evaluate its effect on emission intensity is shown in Figure 

17. They showed typical shapes of phthalocyanines with a peak around 680 

nm. 
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Figure 17: Emission spectra of the zinc phthalocyanine in DMF at various  

       concentrations.  

 

 

The fluorescence intensity peaked at the Q-band is shown to decrease 

with increasing zinc phthalocyanine concentration from 8.5 μM to 320 μM. 

The decrease in intensity with concentration may be as a result of photon self-

absorption in the Zinc phthalocyanine solution as previously described, which 

is consistent with the literature (Kahya et al., 2019). Therefore, as the 

concentration increases, photon self-absorption in solution increases and 

fluorescence is quenched. It is also observed that, the more concentrated the 

solution (as shown in Figure 17), the more red-shifted the peaks appeared.  

Infrared Spectroscopic Analysis of Synthesised Zinc Phthalocyanine  

The infra-red spectra of the synthesised zinc phthalocyanine dye, was 
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groups present in the compound. The result is presented in Figure 18. 
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Figure 18: Infra-red spectrum of the synthesised zinc phthalocyanine. Insert: 

         Full spectrum.  

 

 

The peak at 3050 cm-1 is assigned to Ar-H stretching and the peak at 

2913 to aliphatic C-H stretching (Kaya et al., 2014; Sağlam, 2016). The peak 

at 1605 cm-1 is attributed to deformation of the C=C macrocyclic ring of 

pyrrole, and the peaks at 1521, 1475, and 1285 cm-1 are attributed to the 

aromatic phenyl ring and C=N stretching vibrations. The C–C stretching of 

isoindole occurred at 1409 and 1329 cm-1. The peaks at 1285, 1164 and 1088 

cm-1 are assigned to the isoindole C-N stretch, C-N in-plane bend and C-H in-

plane bend respectively. The peak at 1062 cm-1 corresponds to C-H bending in 

planar deformation. C-H bending out of planar deformation is observed at 946, 

887 and 726 cm-1. The peaks at 1329, 1164, 1115, 1088, 1062, 1013, 946, 887, 

772, 751, 726 and 712 cm-1 are attributed to phthalocyanine backbone 
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1719

1655

1605

1552

1521

1475
1409

1…

1329 1285

1260

1164

1115

1088

1062

1013 946

887

7…

751

726

7…

637
611

555

498
424

0.2

0.4

0.6

0.8

400800120016002000

T
ra

n
sm

it
ta

n
ce

Wavenumber (cm-1) 

 

3050
2913

0.2

0.4

0.6

0.8

40080012001600200024002800320036004000

T
ra

n
sm

it
ta

n
ce

Wavenumber (cm-1) 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

79 

synthesised zinc phthalocyanine and it’s functional group divisions are 

presented in Table 6. 

Table 6: Transmittance Peaks of the Synthesised Zinc Phthalocyanine  

   and it’s Functional Group Divisions 

 

Transmittance Peaks (cm-1)  Functional Group Division  

3050  Ar-H stretching 

2913 C-H Stretching 

1605 C=C macrocyclic pyrrole ring deformation 

1521, 1475, and 1285 C=N stretching vibrations 

1409 and 1329 C–C stretching of isoindole 

1285 C-N stretching of isoindole 

1164 C-N in-plane bend 

1088 C-H in-plane bend 

1062 C-H bending in planar deformation 

946, 887 and 726 C-H bending out of planar deformation 

1329, 1164, 1115, 1088, 

1062, 1013, 946, 887, 772, 

751, 726 and 712 

Phthalocyanine backbone vibrations 

Source: Laboratory Analysis (2016-2021) 

 

 Scanning Electron Microscopic Analysis of Zinc Phthalocyanine 

The zinc phthalocyanine was characterized to evaluate its morphology. 

The images are presented in Figure 19.  

   
 

Figure 19: SEM images of the synthesised zinc phthalocyanine at different 

        magnifications. 
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The particles of zinc phthalocyanine somehow appear as well-defined 

irregular shapes ranging from 2.4 to 14 μm in diameter.  

Energy-Dispersive X-Ray Spectroscopic Analysis of Zinc Phthalocyanine 

Energy-dispersive X-ray spectroscopy was performed to confirm the 

elemental composition of the synthesised zinc phthalocyanine. The result is 

presented in Figure 20. 

 

Figure 20: EDS spectra of the synthesised zinc phthalocyanine. 

 

 

The dye exhibited C, N, and Zn peaks, characteristic of zinc 

phthalocyanine. This indicates the successful synthesis of the dye, as 

confirmed in the literature (Kahya et al., 2019; Sindole et al., 2022).  

Powder X-Ray Diffraction Analysis of Synthesised Zinc Phthalocyanine  

Powder X-ray diffraction (PXRD) technique was used to evaluate the 

crystallinity and the structure of the synthesised zinc phthalocyanine dye (Haq 

et al., 2022; Zafar et al., 2022).  

Highscore peak search/match 

Peak search/match was performed using HighScore software (Degen et 

al., 2014) to identify possible phases of the synthesised zinc phthalocyanine 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 65.09 53.34 

N 31.11 29.73 

Zn 3.80 16.93 
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dye, using data from the Open Database of Crystals (Gražulis et al., 2009). 

The four best proposed candidate phases (powder diffraction file [PDF] names 

and map numbers) and the percentage of each phase in each sample are shown 

in Table 7. Ranking was based on full width at half maximum (FWHM). The 

synthesised compound was identified as zinc phthalocyanine in all the four 

most likely compounds suggested by the search (Table 7). 

Table 7: Best Plausible Phases in the Sample using the HighScore Peak  

    Search 

 

Ref.Code Score Compound Name Scale 

Factor 

Chem.Formula 

00-039-1882 45 β-Zinc phthalocyanine 0.633 C32H16N8Zn 

00-021-1985 33 Zinc phthalocyanine 0.424 C32H16N8Zn 

00-011-0714 58 Zinc phthalocyanine 0.765 C32H16N8Zn 

02-063-7832 37 Phthalocyanato-zinc(ii) 0.641 C32H16N8Zn 

Source: Laboratory Analysis (2016-2021) 

 

Quantitative analysis  

 Diffraction pattern screening, including profile fitting based on the 

Rietveld and Le Bail fitting method, was performed using Material Analysis 

Using Diffraction (MAUD) software (Lutterotti et al., 1999). This was used 

for quantitative analysis of zinc phthalocyanine. The results are presented in 

Figure 21. 
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Figure 21: Powder X-ray diffraction patterns of zinc phthalocyanine  

       (Experimental and computed/refined patterns from the MAUD    

       analysis). 
 

The angle (2θ) of the highest peak is around 7.37o and the d-spacing 

[d(1 0 0)] for this peak is 11.955 nm which, is the highest and it is from the Zinc 

phthalocyanine phase (Table 8). Other major peaks from the Zinc 

phthalocyanine phase are found at angles (2θ) 9.10o, 23.99o and 26.52o which, 

are attributed to d(-1 0 2), 9.599 nm; d(2 1 0), 3.706 nm and d(-2 1 1), 3.359 nm 

respectively. All these peaks are strong and sharp in the pattern (Figure 21) 

which, implies that the crystallites are relatively large and/or low lattice strain 

planes (Kari et al., 2021) and are attributed to monoclinic Zinc 

phthalocyanine, C32H16N8Zn (Li et al., 2018).  

Table 8 shows the four sharpest reflections, the angles (2θ) at which 

they occur, and the quality indices (crystal size and lattice strain) of the zinc 

phthalocyanine phase.  

7.37 12,850

9.10 9,928

23.99 5,954

26.52 4,362

1500

3500

5500

7500

9500

11500

13500

5 10 15 20 25 30 35 40

Counts

2 Theta (deg.) 

Experimental Pattern

Computed Pattern

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

83 

Table 8: Properties of Major Peaks of Zinc Phthalocyanine 

 

2 θ (deg.) Intensity 

(counts) 

h  k  l d-spacing 

(nm) 

Phase 

7.37 12,850 1 0 0 11.955 zinc phthalocyanine 

9.10 9,928 -1 0 2 9.599 zinc phthalocyanine 

23.99 5,954 2 1 0 3.706 zinc phthalocyanine 

26.51 4,362 -2 1 1 3.359 zinc phthalocyanine 

Source: Laboratory Analysis (2016-2021) 

 

The predominantly intense diffraction peaks indicate the (100) 

dominant growth orientation, and all diffractions, including weak ones, are 

well assigned to the monoclinic C32H16N8Zn (Table 8) (JCPDS #11-714). 

According to the intensity ratio of the two peaks in the low angle range of 5–

10 (Fig. 21), the synthesised zinc phthalocyanine may belong to the -crystal 

form (Li et al., 2018).  

Composition of synthesised zinc phthalocyanine by MAUD analysis  

The results of the screening test are shown in Table 9. Purification of 

the sample yielded nearly pure zinc phthalocyanine (97.28%) with a small 

amount of urea (2.72%).  

Table 9: Percentage Weight Composition of Zinc phthalocyanine 

 

Phase Name Wt.(%) 

Zinc Phthalocyanine 97.28 

Urea 2.72 

Source: Laboratory Analysis (2016-2021) 

 

Thermogravimetric Analysis (TGA) of Synthesised Zinc Phthalocyanine  

The thermal stability of the synthesised zinc phthalocyanine was 

measured by thermogravimetric analysis (TGA) to test its potential use in the 

catalytic reactions. Thermal stability of phthalocyanines is an important 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

84 

requirement for many catalytic applications. The results are presented in 

Figure 22. 

 

Figure 22: Thermal decomposition curve of zinc phthalocyanine showing   

       weight losses 

 
 

Phthalocyanines and their metal derivatives have been reported to be 

thermally stable up to 400 °C (Pirbazari, 2017; Zhao et al., 2009). The initial 

temperature drop at 50 °C is caused by evaporation of the solvent and/or other 

volatile impurities used in the synthesis. This is also seen in the DSC curve 

(Figure 23) as an endothermic peak around 50 °C. Zinc phthalocyanine 

exhibited five distinct thermal events (decomposition) at approximately 200 

°C, 300 °C, 400 °C, and 500 °C (Figure 22 and Table 10). A thermal event 

near 200°C with a weight loss of 4.167% may be the result of the 

decomposition of unstable chemical fragments within the sample. Maximum 

weight loss occurred at 413.41 °C, with a weight loss of 33.56% between 400 

and 450 °C (Figure 22 and Table 10). This represents the main degradation 

step, due to the decomposition of the zinc phthalocyanine skeleton (Li et al., 

2018; Sharma et al., 2012). This means that the synthesised zinc 
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phthalocyanine has high thermal stability above 400 °C and can be used in 

photocatalytic processes at high temperatures without affecting the compound. 

These mass losses are observed as three peaks at 341.88 °C, 413.41 °C and 

477.26 °C in DTG. Table 10 shows the onset temperatures (Tonset), inflection 

points (Tmax), and weight percent (%) losses of zinc phthalocyanine (ZnPc).  

Table 10: Onset Temperatures (Tonset), Inflection Temperatures (Tmax) 

     and Weight Percent (%) Losses of Zinc phthalocyanine (ZnPc). 

 

Sample Tonset  (
oC) Tmax (

oC) Wt. loss percent (%) 

ZnPc 202.25 260.94 4.167 

310.05 341.88 14.90 

401.23 413.41 33.56 

463.86 477.26 9.009 

499.78 526.78 8.625 

Source: Laboratory Analysis (2016-2021) 

 

Differential Scanning Calorimetry (DSC) Analysis of Synthesised Zinc 

Phthalocyanine 

Differential scanning calorimetry (DSC) is a thermal analysis 

technique that measures the temperature difference between a sample and a 

reference material as a function of temperature, while applying a controlled 

temperature program to both sample and reference material. This technique is 

used to qualitatively and quantitatively determine temperature changes, 

especially in terms of exotherms, endotherms, and heat capacities (Akash & 

Rehman, 2020). 

The DSC curve of the synthesised zinc phthalocyanine was measured 

to determine the melting point (Tm), glass transition temperature (Tg), and 

enthalpy of the thermal events (Cp). The results are shown in Figure 23. 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

86 

 

Figure 23: Glass transition temperature, (Tg) and decomposition enthalpies 

         (Cp) of zinc phthalocyanine. 

 

 

 The differential scanning calorimetry curve of the synthesised zinc 

phthalocyanine shows a thermal event at approximately 700 °C (Figure 23). 

This phenomenon is endothermic and is probably due to the melting point of 

zinc phthalocyanine. The initial temperature is 695.37 °C and the peak 

temperature is 701.14 °C. The required energy is 24.52 J/g (Table 11). The 

endothermic phenomenon at ~50°C is likely due to the evaporation of the 

solvent and/or other volatile impurities used in the synthesis.  

Table 11: The Melting Point (Tm) and Enthalpy Change (Cp) of the ZnPc 

 

Sample Tm (oC) Onset Temp. (oC) Enthalpy Change (J/g) 

ZnPc 701.14 695.37 24.52 

Source: Laboratory Analysis (2016-2021) 

Page 14 of 21 
 

 

 

 

Figure 6: Glass Transition temperature, Tg and Decomposition Enthalpies of 

ZnPc-gb 
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Photostability Capacity of the Synthesised Zinc Phthalocyanine 

Degradation of photosensitisers under light is used to investigate the 

stability of applications such as photocatalysis (Awaji et al., 2019) and 

photodynamic therapy, among others. Photodegradation of the synthesised 

Zinc phthalocyanine was therefore, monitored in DMF and the decrease in the 

absorption peak, together with deformations in the shape, would confirm its’ 

degradation to other kinds in the presence of light. The results are presented in 

Figure 24. 

 

Figure 24: UV-Vis absorption spectra analysis of the degradation of zinc   

       phthalocyanine in DMF under redlight radiation. 

 
 

The reduction in Q-band absorbance of the zinc phthalocyanine 

solution upon irradiation with LED redlight (10000-14000 lx) was very small 

(8%) over the 90-minute irradiation period and 92% of the initial absorbance 

(photostability coefficient) was retained. This means that zinc phthalocyanine 
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dyes are very stable to light and can withstand long exposures without 

significant material loss. However, the photodegradation mechanisms of 

phthalocyanines are complex and depend on the solution and biological 

medium (Ochsner, 1997; Scalise & Durantini, 2005; Seven et al., 2008). Also, 

there was no new band formation as evidenced by the absorption range from 

300 to 800 nm. This suggests that, photodegradation of the zinc 

phthalocyanine dye in the presence of light is not accompanied by 

decomposition into other forms, but only by a decrease in absorbance or 

concentration, as evidenced by the decrease in the Q band as a result of long 

light exposure times. 

Singlet Oxygen Production Capacity of Zinc Phthalocyanine Solution 

Production of singlet oxygen is the most important property a sensitiser 

should have for use in antimicrobial photodynamic therapy and 

photooxidation applications. Therefore, the ability of zinc phthalocyanine dyes 

in solution (DMF) to generate singlet oxygen was evaluated using the 1,3-

diphenylisobenzofuran (DPBF) method. DPBF (a known singlet oxygen 

quencher) is decomposed by singlet oxygen (1O2) to produce colourless o-

dibenzoylbenzene (Ogilby, 2010). Figure 25 shows results of the 

photooxidation of DPBF, used as an indicator of singlet oxygen production, in 

the presence of zinc phthalocyanine under daylight and LED redlight 

illuminations. 
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Figure 25: Spectral changes of the photodegradation of DPBF with zinc   

       phthalocyanine solution under (a) daylight and (b) LED redlight 

       irradiations. Inserts: absorbance versus time curve. 
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The DPBF absorption peaks at 416 nm and 418 nm under daylight 

(Figure 25a) and LED redlight (Figure 25b) illumination, respectively, 

continued to decrease with time, whereas the Q-band of the Zinc 

phthalocyanine dye remained unchanged over the illumination period, as 

observed in literature (Ramos et al., 2015). This suggests that, singlet oxygen 

(1O2) was being produced and is the agent responsible for the degradation of 

the 1,3-diphenylisobenzofuran (DPBF). It also, confirms the stability of the 

Zinc phthalocyanine dye, as it did not degrade with time as observed at the Q 

band regions of the spectra, which is an important property of a good 

photosensitiser 

Extraction of Cellulose from Unrefined Fibres 

Cellulose-based fibres were extracted from oil palm mesocarp and 

pineapple leaf wastes by treatment with alkaline hydrogen peroxide. Hydrogen 

peroxide (H2O2) bleaching treatment had a huge effect on fibre brightness, as 

shown in Figures 26c and 26f below. Using H2O2 as an oxidising bleach, 

discoloured the fibres. In theory, perhydroxyl ions (HOO-) are formed when 

hydrogen peroxide dissociate in alkaline media and are responsible for fibre 

discolouration. These ions attack the light-absorbing chromophore groups 

(carbonyl groups, conjugated carbonyl groups, quinones) of lignin and 

cellulose (Rayung et al., 2014). 
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Figure 26: Images of the (a) unrefined oil palm mesocarp fibres (Ur-OPMF); 

      (b) hot water treated oil palm mesocarp fibres; (c) bleached oil palm 

      mesocarp fibres (B-OPMF); (d) unrefined pineapple leaf fibres (Ur-

      PLF); (e) extracted hot water treated pineapple leaf fibres and (f) 

      bleached pineapple leaf fibres (B-PLF). 

  
 

The extracted/bleached cellulose-based fibres from the oil palm 

mesocarps (B-OPMF) and the pineapple leaves (B-PLF) were whiter in 

appearance (Figures 26c & 26f) as compared to the unrefined (Ur-OPMF and 

Ur-PLF) fibres (Figures 26a & 26d). However, the B-PLF (Figure 26c) 

appeared to be whiter and softer in nature, as the commercial reference P-GB 

(Figure 27a) whereas, the B-OPMF (Figure 27b) was more fibrous in nature 

and harder.   

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 27: Images of the (a) plain gauze bandage (P-GB); (b) bleached oil    

       palm mesocarp fibres (B-OPMF) and (c) bleached pineapple leaf 

       fibres (B-PLF) used in this work. 

 
 

Immobilisation Of Zinc Phthalocyanine on the Cellulose-Based Fibres  

The zinc phthalocyanine dye was immobilised onto the cellulose-based 

fibres (P-GB, B-OPMF and B-PLF) by sorption forces to achieve, novel zinc 

phthalocyanine-functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) 

Figure 28, for gas sensing, photocatalytic and photodynamic applications.

 

Figure 28: Schematic presentation of the immobilisation process 

 

The cellulose-based and functionalised fibres were then observed 

under a UV lamp to see if the zinc phthalocyanine dye was successfully 

immobilised. The images in Figure 29 depicts that. 

(a) (b) (c) 
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Figure 29: Images of (a) P-GB & ZnPc-GB, (b) B-OPMF & ZnPc-OPMF and 

       (c) B-PLF & ZnPc-PLF and their appearance under the UV lamp 

       (d), (e) and (f) respectively.  

 
 

The functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), 

although appeared darker physically to the eye (Figure 29 a-c), exhibited the 

characteristic green colour of zinc phthalocyanine when brought under the UV 

lamp (Figure 29 d-f), whereas the plain fibres (P-GB, B-OPMF and B-PLF) 

did not exhibit the green colour, Figure 29. This suggests the successful 

immobilisation of the zinc phthalocyanine dye on the cellulosed-based fibres. 

Solid-State Fluorescence Emission Spectroscopy of the Functionalised 

Fibres 

The molecule is reportedly non-fluorescent in the aggregated state, but 

fluorescence properties become apparent when aggregation is reduced 

(a) (b) 

(d) (e) 

(c) 

(f) 
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(Kimura et al., 1997). Therefore, the fluorescence emission spectra of the zinc 

phthalocyanine embedded in the cellulose-based fibres was studied to 

investigate its’ behaviour. The emission spectrum is shown in Figure 29.  

As observed in Figure 30 a-c, the functionalised cellulose-based fibres 

(ZnPc-GB; ZnPc-OPMF & ZnPc-PLF) exhibited fluorescence as, evidenced in 

their enhanced emission intensities at the Q-bands whereas, the plain 

(bleached) cellulose-based fibres alone (P-GB; B-OPMF & B-PLF), did not 

fluoresce. This means that the fluorescence exhibited by the functionalised 

fibres, was as a result of the Zinc phthalocyanine within them and that the 

embedded zinc phthalocyanine is quite dispersed within the fibre matrices and 

therefore, functional. This also implies that the functionalised fibres retained 

all the properties of the free zinc phthalocyanine within them. 
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Figure 30: Emission spectra of (a) P-GB & ZnPc-GB; (b) B-OPMF & ZnPc-

       OPMF and (c) B-PLF & ZnPc-PLF. 

0

50

100

150

200

250

300

650 700 750 800 850

Intensity 

(a.u) 

Wavelength (nm)

P-GB

3.5 mM ZnPc-GB

(a)

0

100

200

300

400

500

600

700

650 700 750 800 850

Intensity 

(a.u) 

Wavelength (nm)

B-OPMF

3.5 mM ZnPc-OPMF

(b)

0

100

200

300

400

500

650 700 750 800 850

Intensity 

(a.u)

Wavelength (nm)

B-PLF

3.5 mM ZnPc-PLF

(c)

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

96 

The fluorescence behaviour of the zinc phthalocyanine within the 

functionalised fibre supports was also, compared with that in the DMF 

solution. They also exhibited the typical emission intensities of 

phthalocyanines at the Q-band, as with the free zinc phthalocyanine in 

solution. However, the peaks were much more red-shifted in the functionalised 

fibre supports (λmax 690 nm) than the corresponding spectrum in the DMF 

solution (λmax 680 nm) in Figure 15. This may give them enhanced 

photosensitising properties over the free zinc phthalocyanine.  

Effect of the functionalised fibre concentration on fluorescence 

The fluorescence emission spectra of the functionalised fibres was 

analysed at various concentrations, to evaluate their effects on the emission 

intensity. The results are shown in Figure 31. 

As seen in Figure 31, they also exhibited the same concentration 

gradient as was observed by the free zinc phthalocyanine in solution (Figure 

17). The fluorescence intensities decreased with increasing zinc 

phthalocyanine concentration at the Q-band within all the functionalised fibre 

matrices. Also, their emission intensities were much more red-shifted (λmax 

690 nm) as compared to the corresponding intensities of the free zinc 

phthalocyanine in DMF solution (λmax 680 nm) in Figure 17. This may give 

them enhanced photosensitising properties over the free zinc phthalocyanine. 
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Figure 31: Emission spectra of the functionalised fibres (a) ZnPc-GB; (b)   

       ZnPc-OPMF and (c) ZnPc-PLF at various concentrations (0.35–35 

       mM). 
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Infra-Red Spectral Analysis of the Unrefined and Bleached Cellulose-

Based Fibres 

The infra-red spectra of the unrefined and bleached/refined cellulose-

based fibres were determined to identify the type of functional groups present 

in them. Also, to confirm whether pure cellulose was successfully extracted 

from the unrefined oil palm mesocarp fibres and the fresh pineapple leaves.  

Figure 32 shows the FT-IR spectra of unrefined, bleached, and 

reference fibres. Bleaching unrefined fibres has been reported to produce high-

quality cellulose fibres (Jabber et al., 2017). The broad peaks between 3278 - 

3336 cm-1 in all the fibres are attributed to the presence of hydroxyl groups 

(O-H). In figure 32a, the two peaks at 2919 cm-1 and 2851 cm-1 which, are 

attribute to the C–H stretching, present in the unrefined Ur-OPMF were 

reduced to only one peak in the refined B-OPMF at 2915 cm-1, and those at 

2917 cm-1 and 2849 cm-1 in the unrefined Ur-PLF (figure 32b) to only one at 

2896 cm-1 in B-PLF. The extended peaks at 1740 cm-1 and 1631 cm-1 in Ur-

OPMF and those in the Ur-PLF at 1733 cm-1 and 1626 cm-1 in (Figure 32a & 

32b), attributed to the C=O stretching of the acetyl and ester groups in 

hemicellulose and aromatic lignin components (Megashah et. al., 2018; Nazir 

et al., 2013), were missing in the refined fibres (P-GB, B-OPMF & B-PLF) 

[Figure 32c and Table 12]. 
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Figure 32: Infra-red spectra of the (a) Unrefined & Bleached oil palm  

       mesocarp fibres (Ur-OPMF & B-OPMF); (b) Unrefined &     

       Bleached pineapple leaf fibres (Ur-PLF & B-PLF) and (c)  

       Bleached/Plain fibres (P-GB, B-OPMF & B-PLF). 
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This confirms the removal of most, if not all of the lignin and 

hemicellulose from the unrefined fibres, giving rise to pure cellulose fibres. 

Another evidence of the lignin and hemicellulose removal in the purification 

process is the decrease in the intensity of the peaks around 1240 cm-1 in the 

Ur-OPMF (Figure 32a) and 1239 cm-1 in the Ur-PLF (Figure 32b), attributed 

to the –COO vibration of acetyl groups in hemicellulose and/or the C–O 

stretching of the aryl group in lignin (Khenblouche et al., 2019). The peaks 

around 1626-1647 cm-1 in all the fibres are attributed to the O–H bending of 

the absorbed water, present in the cellulose, hemicellulose and lignin 

structures (Ismail et al., 2021). The peaks at 895-897 cm-1 in all the fibres are 

attributed to the ß-glycosidic linkage of cellulose and those at 1028-1033 cm-1 

in all the fibres to the C-O groups of the cellulose. The B-PLF was closer in 

similarity to the commercial reference P-GB than the B-OPMF. This may be 

attributed to the fibrous nature of the Ur-OPMF hence, the 

hemicellulose/lignin may not be removed completely through the bleaching 

process. This was confirmed and validated by the TGA analysis which, 

indicated the purity in terms of their thermal stability. 

Overall, the FTIR spectra showed that purified cellulose-based fibres 

(B-OPMF and B-PLF) were successfully isolated from the unrefined fibres 

(Ur-OPMF and Ur-PLF) and are similar in composition with respect to their 

functional groups to the commercial reference gauze bandage (P-GB) spectra.  

Table 12 presents, transmittance peaks of the cellulose-based fibres 

and their functional group divisions. 
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Table 12: Transmittance Peaks of the Cellulose-Based Fibres and their 

       Functional Group Divisions  

 

Ur-OPMF B-

OPMF 

Ur-PLF B-PLF P-GB Division  

3334 3335 3336 3291/3332 3278/3336 O-H 

Stretching 

2919/2851 2915 2917/2849 2896 2897 C-H 

Stretching 

1740 - 1733 - - C=O Bond 

vibrations of 

lignin 

1631 1647 1626 1636 1638 O-H bending  

of absorbed 

water 

1512 1593 1516 - - C=C Plane 

symmetric 

stretching of 

lignin 

1248 - 1239 - - C-O-C 

pyranose 

ring 

stretching 

1033 1028 1033 1030 1029 C-O group 

of Cellulose 

      

896 896 895 896 897 C-H out of 

plane 

deformation 

Source: Gopinathan et al., 2017 

*** Ur-OPMF: unrefined oil palm mesocarp fibres; B-OPMF: bleached oil 

palm mesocarp fibres; Ur-PLF: pineapple leaf fibres; B-PLF: bleached 

pineapple leaf fibres and P-GB: plain gauze bandage. 

 
 

Infra-Red Spectral Analysis of the Bleached Cellulose-Based and 

Functionalised Fibres 

The infra-red spectra of the bleached cellulose-based and functional 

fibre supports were determined to identify the type of functional groups 

present in them. Also, to confirm whether the zinc phthalocyanine dye was 

successfully immobilised on the fibre supports. The results are presented in 

Figure 33.  
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Figure 33: Infra-red spectra of the (a) plain & functionalised gauze bandage 

        fibres (P-GB & ZnPc-GB); (b) bleached & functionalised oil palm 

        mesocarp fibres (B-OPMF & ZnPc-OPMF) and (c) Bleached & 

        functionalised pineapple leaf fibres (B-PLF & ZnPc-PLF). 

3327
3282

3050
2896

1719

1643

1607
1578
1522

1474

1410

1364

1332

1054 1012

896

840

772

751

726
712

554
517

499

434

420

0.65

0.75

0.85

0.95

1.05

40080012001600200024002800320036004000

T
ra

n
sm

it
ta

n
ce

Wavenumber (cm-1) 

P-gb

ZnPc-gb

(a)

3349
3047

2903

2374
1719
1644
1607
1475

1410

1331

1285 1257

1163

1115

1079

1061

1011
950

889

834

773
750

727
710

612
499

424

0.5

0.6

0.7

0.8

0.9

1

40080012001600200024002800320036004000

T
ra

n
sm

it
ta

n
ce

Wavenumber (cm-1) 

B-opmf

ZnPc-opmf

(b)

3328
3050

2896

2372
1719

1643
1607

1524

1475

1409

1331 1285

1258

1162

1116

1088

1061
1012

948

888
834

773

750

726

711

660

612
555

450

433

0.55

0.65

0.75

0.85

0.95

1.05

40080012001600200024002800320036004000

T
ra

n
sm

it
ta

n
ce

Wavenumber (cm-1) 

B-plf

ZnPc-plf

(c)

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

103 

The peaks at 1329, 1164, 1115, 1088, 1062, 1013, 946, 887, 772, 751, 

726 and 712 cm-1 attributed to the phthalocyanine skeletal vibration (Li et al., 

2018) in Figure 34 below, are missing in all the bleached cellulose-based 

fibres (P-GB, B-OPMF and B-PLF) in Figure 32c but, are present in the 

functionalised fibres at 1332, 1054, 1012, 772, 751, 726 and 712 cm-1 in  

ZnPc-GB; 1331, 1163, 1115, 1079, 1061, 1011, 960, 889, 773, 750, 727 and 

710 cm-1 in ZnPc-OPMF and 1331, 1162, 1116,1088, 1061, 1012, 948, 888, 

773, 750, 726 and 711 cm-1 in ZnPc-PLF respectively (Figure 33 a-c). All 

these are suggestive that, the zinc phthalocyanine dye was successfully 

incorporated into the bleached cellulose-based fibre matrices. However, the 

functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) maintained their 

cellulosic nature as evidenced in the peaks at 3282-3349 cm-1, attributed to the 

presence of the hydroxyl (O–H) group, and those at 2896-2908 cm-1 to the C–

H stretching.  

 

Figure 34: Infra-red spectra of the Synthesised ZnPc with the functionalised 

        cellulose-based fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF). 
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Scanning Electron Microscopic Analysis of the Cellulose-Based and 

Functionalise Fibres 

The fibres were coated with gold before they were observed under the 

Phenox ProX desktop Scanning Electron Microscope, because of their non-

conducting nature. The fibre diameters and morphologies of the bleached 

cellulose-based fibres and those functionalised with Zinc phthalocyanine are 

presented in Figures 35 and 36 respectively.  
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Figure 35: SEM images of the bleached cellulose-based fibres P-GB (a-c); B-

        OPMF (d-f) and B-PLF (g-i). 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

106 

The SEM images of the bleached fibres at different magnifications 

clearly revealed the removal of pectin, lignin, and hemicellulose particles from 

the surfaces of the B-OPMF and B-PLF, giving out cleaner and smoother 

surfaces. The fibres were porous in nature. The P-GB and B-PLF fibres 

appeared similar in morphology and consist of mostly long cylindrical 

individual strands, which are separated from each other whilst, those of the B-

OPMF are short and still stacked together (Figure 35). The surface of the B-

OPMF consists of pores of similar shapes and sizes and some patches. The 

patches might be residues from some of the lignin and hemicelluloses, which 

may not be completely removed during the bleaching and purification 

processes, due to the fibrous nature of the oil palm mesocarp fibres (OPMF). 

This was corroborated by the FTIR and TGA results. The diameters of the 

individual strands (micro-sized) within the cellulose-based fibres when 

measured (not shown) ranged between 9.45-16.8 μm for P-GB; 3.31-11.5 μm 

for B-OPMF and 2.75-5.5 μm for B-PLF. 

The surface morphologies of the cellulose-based fibres functionalised 

with the zinc phthalocyanine were also assessed to verify the success of the 

immobilisation process. The results are presented in Figure 36. 
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Figure 36: SEM images of the functionalised cellulose-based fibres ZnPc -GB 

       (a-c); ZnPc-OPMF (d-f) and ZnPc -PLF (g-i). 
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The SEM images show the presence of zinc phthalocyanine particles 

dispersed over the surfaces of all the functionalised fibres (ZnPc-GB, ZnPc-

OPMF and ZnPc-PLF). This visual evidence confirms the successful 

immobilisation of the Zinc phthalocyanine on the fibre surfaces. The 

diameters of the individual strands (micro-sized) within the functionalised 

cellulose-based fibres when measured (not shown) ranged between 9.72-18.3 

μm for ZnPc-GB, 6.57-13.9 μm for ZnPc-OPMF and 3.08-6.41 μm for ZnPc-

PLF. The increase in the diameters of the functionalised cellulose-based fibres 

compared to their bleached counterparts, may be due to the immobilised zinc 

phthalocyanine particles deposited within/on them. 

Energy-Dispersive X-Ray Spectroscopy (EDS) Analysis of the Cellulose-

Based and Functionalise Fibres 

Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted 

to verify the elemental composition of the cellulose-based fibres and to 

confirm the elemental identity of the particulates on the surfaces of the 

functionalised fibres, observed in the SEM micrographs. The results are 

presented in Figure 37. 
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Figure 37: EDS spectra of (a) B-GB, (b) ZnPc-GB, (c) B-OPMF, (d) ZnPc-

        OPMF, (e) B-PLF and (f) ZnPc-PLF. 
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Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 68.47 61.98 

O 31.53 38.02 

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 69.53 63.14 

O 30.47 36.86 

   

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 58.89 52.70 

O 21.69 25.86 

N 19.11 19.94 

Zn 0.31 1.50 

   

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 50.80 41.93 

O 36.01 39.59 

N 11.55 11.12 

Zn 1.64 7.37 

   

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

C 54.26 46.44 

O 37.97 43.29 

N 7.08 7.06 

Zn 0.69 3.20 

   

 

(a) (b) 

(c) (d) 

(e) 
(f) 
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The reference commercial gauze bandage (P-GB) contains mainly of C 

and O. The B-OPMF and B-PLF also exhibited the characteristic peaks of C 

and O, which confirmed the success of the bleaching process and the 

cellulosic nature of the B-OPMF and B-PLF fibres as compared to the 

reference commercial gauze bandage (P-GB). However, in the functionalised 

fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), two additional peaks of N and 

Zn were observed alongside the C and O peaks. This confirms that, the 

particles immobilised on the cellulose-based fibres, which were observed in 

the SEM images (Figure 36) are in-fact zinc phthalocyanine particles. 

Thermogravimetric Analyses (TGA) of the Cellulose-Based Fibres 

TGA curves of cellulose-based fibres (P-GB, B-OPMF and B-PLF) 

were measured to determine the thermal events that occurred. Multiple 

decomposition curves indicate multiple components within the sample 

structure. Weight loss is caused by non-oxidative degradation of the sample 

(Abdullah et al., 2016). The temperature was between 0° C. and 800° C., the 

heating rate in nitrogen atmosphere was 20° C./min, and the purge rate was 

100.0 ml/min. The results are presented in Figure 38. 
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Figure 38: Thermal decomposition curves of the plain cellulose-based fibres 

         (a) P-GB; (b) B-OPMF and (c) B-PLF showing weight losses. 
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All the plain cellulose-based fibres (P-GB, B-OPMF and B-PLF) 

showed degradation of their components upon heating (Figure 38). The initial 

reduction in weight in all the cellulose-based fibres from 50-100 oC, may be as 

a result of the samples drying up due, to the evaporation of absorbed water and 

other volatile compounds within the cellulose-based fibres (Ismail et al., 

2021). The presence of the absorbed water was confirmed in the FT-IR results. 

P-GB and B-OPMF displayed two distinct thermal events, around 350-400 oC 

and 400-600 oC for P-GB and 350-400 oC and 400-600 oC for B-OPMF 

whereas, B-PLF displayed only one at around 300-400 oC (Figure 38 and 

Table 13 below). This implies that the three thermal events displayed by the 

functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) in Figure 39 

below, may result from the Zinc phthalocyanine within their metrices. All 

three fibres experienced significant weight loss in the 250–400 C region 

because, the hemicellulose and glycosidic bonds of the cellulose were 

depolymerised and broken (Mahardika et al., 2018). The maximum weight 

degradation in P-GB, occurred at 363.11 oC, with a 95.22 % weight loss from 

350-400 oC; in B-OPMF at 334.55 oC with a 61.22 % weight loss from 250-

400 oC and in B-PLF at 357.83 oC with a 78.71 % weight loss from 250-400 

oC (Figure 38 and Table 13) which, corresponds to cellulose decomposition. 

This is consistent with literature (Said et al., 2021). The residue remaining 

after heating the fibres to 800°C for all samples indicates the presence of 

carbon material in the fibres (Chieng et al., 2017). The two intense peaks 

displayed by B-OPMF, one at 334.55 °C corresponds to the dehydration, 

decarboxylation, depolymerization and degradation of glycosyl units of 

cellulose (Ismail et al., 2021) and the other at 468.24 °C corresponds to the 
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degradation of lignin, in addition to its simultaneous degradation with other 

degradation steps due to its complex structure (Khenblouche et al., 2019). The 

lower starting temperature of B-OPMF may be a result of the presence of 

hemicellulose and lignin (He et al., 2014) which, could not be completely 

removed in the extraction and bleaching processes, due to its fibrous nature. 

These results are in agreement with the results of the FTIR. B-PLF exhibited, 

only a single peak at 375.68 °C, which corresponds to dehydration, 

decarboxylation, depolymerization and degradation of cellulose glycosyl units 

(Ismail et al., 2021). This indicates a high purity of the extracted B-PLF, 

which would have otherwise produced different phases if impurities were 

present. The degradation stages attributed to hemicelluloses (> 180 oC) and 

lignin (> 390 oC) [Nazir et al., 2013] were absent in the B-PLF. The high 

weight loss with linearity of the thermal curve from 345-376 °C is comparable 

to that of the commercial P-GB (341-363 °C). The thermal stability of B-PLF 

(376 °C) was also superior to commercial P-GB (363 °C) and B-OPMF (335 

°C). This may be due to the high crystallinity of the cellulose (Ismail et al., 

2021) in B-PLF, due to the complete removal of hemicellulose and lignin 

components during extraction, which results in better quality of cellulose as 

compared to the commercial P-GB. These findings, therefore, are in 

consolidation with the FTIR results.  

Table 13, gives the onset temperatures (Tonset), lnflection temperatures 

(Tmax) and weight percent (%) losses of the plain cellulose-based fibres. 
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Table 13: Onset Temperatures (Tonset), Inflection Temperatures (Tmax) 

     and Weight Percent (%) Losses of the Plain Cellulose-Based 

     Fibres 

 

Sample Tonset  (
oC) Tmax (

oC) Wt. loss percent (%) 

P-GB 341.02 363.11 95.22 

489.20 511.23 12.75 

B-OPMF 263.95 334.55 61.22 

434.16 468.24 13.57 

B-PLF 344.68 375.68 78.71 

Source: Laboratory Analysis (2016-2021) 

 

Thermogravimetric Analyses (TGA) of the Functionalised Fibres 

The TGA curves of zinc phthalocyanine-functionalised cellulose-based 

fibres (ZnPc-GB, ZnPc-OPMF, and ZnPc-PLF) were measured to determine 

the thermal events generated and their suitability for use in photocatalysis and 

antimicrobial photodynamic therapy (APDT) applications. Multiple 

decomposition curves indicate multiple components within the sample 

structure. Weight loss is caused by non-oxidative degradation of the sample 

(Abdullah et al., 2016). The temperature was between 0° C. and 800° C., the 

heating rate in nitrogen atmosphere was 20° C./min, and the purge rate was 

100.0 ml/min. The results are presented in Figure 39. 
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Figure 39: Thermal decomposition curves of the functionalised fibres (a)  

        ZnPc-GB, (b) ZnPc-OPMF and (c) ZnPc-PLF showing weight loss 

        changings. 

Page 8 of 27 
 

Figure 2: TGA of ZnPc showing weight losses 

Figure …….: TGA of ZnPc-gb showing weight losses 
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Figure 3: TGA of ZnPc-opmf showing weight losses 

Both ZnPc-opmf and ZnPc-plf showed three distinct thermal events at around 

300 oC, 400 oC and 500 oC indicating a similarity in the fibres and also similar 

reaction effect when impregnated with ZnPc (figures 3 and 4). 

(a) 

(b) 

(c) 
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All the functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) 

exhibited various decomposition stages as they were heated. The initial 

temperature loss around 50-100 °C in all the functionalised fibres may be due 

to the evaporation of solvents used in the synthesis and/or other volatile 

impurities. Both (ZnPc-OPMF and ZnPc-PLF) displayed three distinct thermal 

decomposition events around 300 oC, 400 oC and 500 oC whilst, ZnPc-GB 

displayed only two around 300 oC and 400 oC. ZnPc-GB and ZnPc-PLF 

presented thermal stability up to 300 oC after which, they started decomposing 

whilst, ZnPc-OPMF was stable to about 268.96 oC after which, it started to 

decompose (Figure 39 and Table 14 below). As a result of the high thermal 

stability of the phthalocyanine core, cleavage of the substituent takes place 

first and then the main decomposition occurs above 400°C (Wöhrle & Schulte, 

1985; Yurtseven et al., 2014). For the first thermal event, the maximum 

weight degradation in ZnPc-GB occurred at 323.66 oC with a 56.60 % weight 

loss from 300-400 oC; in ZnPc-OPMF at 304.90 oC, with a 44.68 % weight 

loss from 268-400 oC and in ZnPc-PLF at 321.94 oC with a 56.94 % weight 

loss from 300-400 oC (Figure 39 and Table 14). These weight losses coincide 

with those of the pure cellulose-based fibres (Figure 38 and Table 13) hence, 

in light of the former information, it can be said that, for this stage, it is the 

cellulose-based fibres (and not the embedded zinc phthalocyanine) that are 

being decomposed. The second thermal event that occurred between 400-500 

oC in all the functionalised fibres, coinciding with the main thermal event of 

the zinc phthalocyanine (Table 14), is that of the zinc phthalocyanine 

embedded in the fibres that are being decomposed. This implies that, the zinc 

phthalocyanine dye maintained its thermal property within the functionalised 
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fibres, it is more stable and decomposed at higher temperatures when 

immobilised on the cellulose-based fibre supports. Table 14 presents, the onset 

temperatures (Tonset), inflection temperatures (max) and weight percent (%) 

losses of the functionalised fibres. 

Table 14: Onset Temperatures (Tonset), Inflection Temperatures (Tmax) 

     and Weight Percent (%) Losses of the Functionalised Fibres 

 

Sample Tonset (
oC) Tmax

 (oC) Wt. loss (%) 

ZnPc-GB 303.55 323.66 56.60 

495.38 500.88 12.13 

ZnPc-OPMF 268.96 304.90 44.68 

408.20 436.67 24.03 

518.47 523.57 12.16 

ZnPc-PLF 300.56 321.94 56.94 

418.85 438.08 12.21 

487.55 490.96 12.95 

ZnPc 202.25 260.94 4.167 

310.05 341.88 14.90 

401.23 413.41 33.56 

463.86 477.26 9.009 

499.78 526.78 8.625 

Source: Laboratory Analysis (2016-2021) 

 

 In summary, all the fibres (both plain and functionalised) and zinc 

phthalocyanine, showed degradation of their components upon heating. Areas 

of initial weight loss of about 50 °C may be due to evaporation of surface 

water in the samples, due to drying, while other regions of weight loss may be 
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due to breakdown of components in the fibres (plain and functionalised) and 

Zinc phthalocyanine (Morshed, 2021; Wei et. al., 2017). Zinc phthalocyanine 

and the fibres experienced significant rapid weight losses at temperatures 

higher than 300 oC, indicating their high thermal stability, an important 

requirement for many catalytic applications.  

Differential Scanning Calorimetry Analysis of the Cellulose-Based Fibres 

Differential scanning calorimetry (DSC) is a thermal analysis 

technique that measures the temperature difference between a sample and a 

reference material as a function of temperature while applying a controlled 

temperature program to both sample and reference material. This technique is 

used to qualitatively and quantitatively measure temperature changes in 

exothermic, endothermic and heat capacity reactions (Akash & Rehman, 

2020). The differential scanning calorimetry (DSC) curves of the cellulose-

based fibres (P-GB, B-OPMF and B-PLF) were measured to determine their 

melting points (Tm), glass transition temperatures (Tg) and the enthalpies (Cp) 

of the thermal events. The results are presented in Figure 40. 
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Figure 40: Glass transition temperatures, (Tg) and decomposition enthalpies 

         (Cp) of (a) P-GB (b) B-OPMF and (c) B-PLF. 

(a) 

(b) 

(c) 
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All the cellulose-based fibres were stable at lower temperatures, below 

50 oC (Figure 40). A look at the curves shows, there are no melting points 

rather, they seem to decompose on heating. There were various regions for the 

increase in the heat given off (exothermic) by the fibres while they were 

heated. Table 15 shows, the glass transition temperatures, Tg, of P-GB, B-

OPMF and B-PLF when heated. The table also gives the temperatures at 

which P-GB, B-OPMF and B-PLF decompose into different components, the 

maximum decomposition temperature and the heat absorbed during the 

thermal process. 

Table 15: Glass Transition Temperatures (Tg), the Minimum and 

                 Maximum Temperatures (T1 and T2) of Decomposition, the 

                 Heat Flow (∆H) and the Heat absorbed (Cp) during the Thermal 

                 Event of the Cellulose-Based Fibres 

 

Sample Tg (oC) ∆H (W/g) T1 (
oC)  T2 (

oC) Cp (J/g) 

P-GB   70.66 138.61 3,370 

356.33 1.674 276.34 341.54 224.3 

409.00 2.678 368.50 388.90 671.4 

538.52 5.271 471.06 519.70 862.5 

B-OPMF   73.54 121.15 1,084 

  315.30 333.45 99.8 

464.71 26.57 429.86 452.57 2,740 

B-PLF   71.94 129.20 2,672 

395.52 0.9522 360.34 378.47 438.9 

462.48 25.98 431.57 446.61 1,984 

Source: Laboratory Analysis (2016-2021) 

 

Differential Scanning Calorimetry Analysis of the Functionalised Fibres 

The differential scanning calorimetry (DSC) curves of the 

functionalised fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), were measured 

to determine their melting points (Tm), glass transition temperatures (Tg) and 

the enthalpies (Cp) of the thermal events. The results are presented in Figure 

41. 
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Figure 41: Glass transition temperatures (Tg) and decomposition enthalpies 

        (Cp) of (a) ZnPc-GB, (b) ZnPc-OPMF and (c) ZnPc-PLF. 

Page 14 of 21 
 

 

 

 

Figure 6: Glass Transition temperature, Tg and Decomposition Enthalpies of 

ZnPc-gb 

 

Page 15 of 21 
 

Figure 7: Glass Transition temperature, Tg and Decomposition ZnPc 

 

The DSC curve of pure ZnPc shows a thermal event around 700 oC (figure 3). 

This event is endothermic and may be the melting point of ZnPc. The onset 

temperature is 695.37 oC and the peak temperature is 701.14 oC. The energy 

involved is 24.52 J/g. 

The table gives the melting point of the ZnPc, the temperature at which it 

starts melting and the heat absorbed for this thermal event. 

Material 
Melting Temp. 

(Tm) (oC) 
Onset Temp. 

(oC) 
Enthalpy Change 

(J/g) 

ZnPc 701.14 694.75 26.45 

 

 

Similarly, the impregnation of the palm fibre with ZnPc and the pineapple fibre 

with ZnPc have an effect on the Tg at 438.68 oC of ZnPc (figures 4 and 5). 

 

Figure 8: Glass Transition temperature, Tg and Decomposition Enthalpies of 

ZnPc-opmf 

 

(a) 

(b) 

(c) 
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All the functionalised fibres were stable at lower temperatures, below 

50 oC. ZnPc-OPMF and ZnPc-PLF displayed two glass transition temperatures 

(Tg) at 466.17 oC & 543.16 oC and 465.18 oC & 512.56 oC respectively whilst, 

ZnPc-GB displayed only one at 524.79 oC. The second glass transition of the 

zinc phthalocyanine at 532.40 oC which, may be the main thermal event is 

seen in all the functionalised fibres at close temperatures (Table 16). The 

ZnPc-GB displayed three different decomposition products/stages with a total 

energy of 4,308 J/g whilst, ZnPc-OPMF and ZnPc-PLF have four with a total 

energy of 3,548.2 J/g and 2,917.8 J/g respectively (Table 16).  

Table 16: Glass Transition Temperatures (Tg), the Minimum and 

                 Maximum  Temperatures (T1 and T2) of Decomposition, the 

                 Heat Flow (∆H) and the Heat absorbed (Cp) during the Thermal 

                 Event of the Functionalized Fibres 

 

Sample Tg (oC) ∆H (W/g) T1 (
oC) T2 (

oC) Cp (J/g) 

ZnPc-GB 524.79 18.12 82.19 134.38 1056 

   319.87 366.02 1932 

   493.90 512.90 1320 

ZnPc-OPMF 466.17 10.95 90.82 126.21 252.8 

 543.16 15.88 289.79 320.50 311.4 

   381.99 446.15 1672 

   517.22 532.42 1312 

ZnPc-PLF 465.18 1.902 83.90 128.97 893.9 

 512.56 15.96 313.70 342.35 722.4 

   406.87 444.58 252.5 

   479.41 501.10 1049 

ZnPc 438.60 12.12 81.26 115.19 164.1 

 532.40 19.08 400.43 423.91 1860 

   463.32 489.16 990.6 

Source: Laboratory Analysis (2016-2021) 

 

The lowest onset temperature for the decomposition occurred in the 

zinc phthalocyanine at 54.54 oC (Table 17). Since the functionalised fibres 

would be used at room temperature, they are suitable and could also, be stored 

at room temperature. 
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Table 17: Onset Temperature for Initial Decomposition of Material 

 

Sample Onset Temperature (oC) 

ZnPc-GB 67.79 

ZnPc-OPMF 74.65 

ZnPc-PLF 73.73 

ZnPc 54.54 

Source: Laboratory Analysis (2016-2021) 

 

Singlet Oxygen Production Capacity of the Functionalised Fibres 

The iodometric technique was used to evaluate the singlet oxygen 

production capacity of the functionalised fibres, since they are intended for use 

in aqueous media. It is a fast, sensitive, and straightforward 

spectrophotometric analysis of photosensitiser-generated singlet oxygen (1O2) 

in weakly acidic or neutral air-saturated aqueous solutions (Mosinger & 

Mosinger, 1995). This technique is based on the reaction of the generated 

singlet oxygen (1O2) with iodide ions (I-). The reaction product, I2 (Eqn. 4) is 

believed to be proportional to the amount of singlet oxygen produced in the 

reaction and is monitored spectrophotometrically around 355 nm (Zugle, 

2014). The results are presented in Figures 42 and 43. 

2I-
(aq)                                          I2 (aq)  +  2e-  …………………… Eqn. 4 
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Figure 42: Absorption spectra of 0.1 M NaI solution containing (a) ZnPc-GB 

       and (b) ZnPc-OPMF, upon irradiation with daylight 
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Figure 43: Absorption spectra of 0.1 M NaI solution containing (a) ZnPc-GB, 

       (b) ZnPc-OPMF and (c) ZnPc-PLF upon irradiation with LED    

        redlight  
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Molecular iodine (I2) was generated from the iodide solution as 

indicated by the increase in the maximum absorption peak around 300-355 nm 

(arrow) under both daylight and LED redlight radiations which, parallels the 

molecular iodine (I2) produced (Mosinger & Mosinger, 1995). However, no 

such increase in the absorption peak at 355 nm was observed when the plain 

gauze bandage (P-GB) was used (not shown). 

This suggests that the zinc phthalocyanine dye in the functionalised 

fibres was, the agent involved in the production of the molecular iodine. This 

also means that the zinc phthalocyanine molecules are fairly distributed within 

the functionalised fibre matrices and thus can produce singlet oxygen. The 

zinc phthalocyanine also did not leach into the solution during the degradation 

process, as shown by the Q-band (670 nm) region of the sample solution 

(Figures 42 and 43). This confirmed the binding properties and stability of 

zinc phthalocyanine dye in the functionalised fibres. It has been reported that 

phthalocyanines are stacked in the solid state therefore, do not produce singlet 

oxygen (Zugle, 2014). 

Singlet Oxygen Quenching Test 

To further verify singlet oxygen production, a singlet oxygen 

quencher, sodium azide (NaN3), was introduced into the sample solutions and 

the same experimental conditions were applied. Figure 44, shows the 

corresponding UV-visible spectral change. 
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Figure 44: Absorption spectra of 0.1M NaI + 0.1M NaN3 solution containing 

       (a) ZnPc-GB and (b) ZnPc-OPMF upon irradiation with daylight. 
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indicates that sodium azide (NaN3) could quench the singlet oxygen generated 

in the sample solution, leading to its reduction. This confirms that singlet 

oxygen is the agent that converts the iodide to molecular iodine in the solution. 

   

Figure 45: Digital images of (a) 0.1 M NaI aqueous solution, (b) aqueous   

       solution containing iodine after irradiation in the presence of the 

       functionalised fibres, (c) cooked starch and (d) cooked starch in 

       contact with iodine generated. 

 
 

The actual iodine molecule formation was also investigated by 

comparing the colour of the sodium iodide solution before and after 

irradiation. The clear, colourless sodium iodide solution (Figure 45a) turned 

into a yellow-brown solution (Figure 45b) after irradiation, confirming the 

formation of molecular iodine.  

Molecular iodine production was further determined using the starch 

test. When the irradiated iodine solution (Figure 45b) was introduced into the 

cooked starch (Figure 45c), a blue-black colour was formed (Figure 45d), 

confirming the production of molecular iodine. 

Leaching Studies of the Functionalised Fibres 

The functionalised fibres are intended for use in real-life applications 

as topical bandages in PDT and as catalysts for photo-oxidation of 

contaminants in aqueous environments. Leaching studies were therefore, 

 
(a) (b) (c) (d) 
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conducted to find suitable solvents, in which the zinc phthalocyanine dye will 

not leach into. The functionalised fibres were immersed in various aqueous 

solutions separately for 24 hours and analysed by UV-Vis spectroscopy. The 

results are presented in Figure 46. 
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Figure 46: Absorption spectra of (a) ZnPc-GB, (b) ZnPc-OPMF and (c) ZnPc-

       PLF after 24 hours in water, saline, methanol and briefly in DMF. 
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There was no leaching of the zinc phthalocyanine dye from the 

functionalised fibres into the water, saline, and methanol, as the solution UV-

vis spectra did not have a Q-band absorption peak corresponding to zinc 

phthalocyanine (Figure 46). This demonstrates their suitability in practical 

applications, especially aqueous solutions. However, the dye leached out of 

the fibres immediately after being introduced into the DMF solution. 

Fluorometric Sensing of Nitrogen Dioxide by Zinc Phthalocyanine 

Solution 

Nitrogen dioxide is projected to be a reactive radical hence, may be 

capable of quenching fluorescence because, it has an unpaired electron (Ishii 

et al., 2011; Zugle & Nyokong, 2012). Therefore, the functionalised cellulose-

based fibres may be promising for fluorescence sensing of NO2(g). Therefore, 

initial studies were performed by measuring the fluorescence emission of zinc 

phthalocyanine solution in the presence of NO2(g). NO2 gas was produced by 

the reaction of copper metal and dilute nitric acid solution. The zinc 

phthalocyanine solution was then exposed to the generated NO2 gas and the 

fluorescence emission spectra was recorded. The results are presented in 

Figure 46. 

 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

132 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: (a)Emission spectra of 95 M zinc phthalocyanine solution in the 

        presence of NO2(g) and (b) zinc phthalocyanine solution before (i) 

        and after (ii) exposure to NO2(g). 
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A decrease in zinc phthalocyanine fluorescence emission intensity was 

observed when the solution was exposed to NO2 gas for each exposure cycle, 

which is consistent with literature (Zugle and Nyokong, 2012). A colour 

change from the characteristic green zinc phthalocyanine solution (Figure 47 

bi) to brown solution (Figure 47 bii), after exposure to NO2(g) confirms the 

quenching of the fluorescence in the zinc phthalocyanine solution by the NO2 

gas. Although it was impossible to measure the exact amount of NO2 gas in 

each exposure, variations in the emission spectra of the solution indicate that, 

zinc phthalocyanine would be promising for fluorometric sensing of Nitrogen 

dioxide gas in the environment. Therefore, the cellulose-based fibres, 

functionalised with the zinc phthalocyanine dye, were used to sense for the 

gas. 

Fluorometric Sensing of Nitrogen Dioxide Gas by the Functionalised 

Fibres  

The functionalised fibres were then exposed to NO2 gas and their 

emission spectra, recorded. The results are presented in Figure 48. 
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Figure 48: Emission spectral changes of (a) ZnPc-GB, (b) ZnPc-OPMF and 

       (c) ZnPc-PLF in the presence of NO2(g). 
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The fluorescence emission intensity was observed to decrease after, 

every cycle of exposure to NO2 gas until it diminished. Though again, the 

exact amount of NO2 gas at each exposure could not be measured, the 

variations in the emission spectra imply that, the zinc phthalocyanine-

functionalised fibres are permeable to gas and could be used for fluorometric 

detection of NO2 gas in the environment. It also suggests that, the functionality 

of the zinc phthalocyanine dye are maintained within the functionalised fibre 

matrices. The fluorescence emission spectra also, became more red-shifted in 

the fibres after exposure to NO2(g) (~725 nm), as compared to that of the 

original functionalised fibres (~ 690 nm) in Figure 22 above.  

        

Figure 49: Images of the Functionalised Fibres (a) ZnPc-GB, (b) ZnPc-OPMF 

        and (c) ZnPc-PLF before (i) and after (ii) exposure to NO2(g). 

 
 

As seen in Figure 49, a colour change from the characteristic dark 

green zinc phthalocyanine-functionalised fibres (Figure 49 (ai), (bi) and (ci)) 

to brown fibres (Figure 49 (aii), (bii) and (cii)), after exposure to NO2(g) 

confirmed the complete depletion of the zinc phthalocyanine in the fibres as, 

evidenced in the decreased fluorescence emission intensities in Figure 47 

above. Other polymer supports for zinc phthalocyanine such as thin films 

(Inagaki et al., 1996) and electrospun nanofabric materials (Zugle & Nyokong, 

2012), have been used to detect NO2 gas. But, the application of natural 
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cellulose-based fibre supports (extracted from oil palm mesocarp and 

pineapple leave wastes) is reported for the first time, and the ease of 

production, recovery, disposal and eco-friendly nature of these fibres may 

make them a better choice for large-scale applications. 

Heterogeneous Photocatalytic Application of the Functionalised Cellulose-

Based Fibres  

The cellulose-based fibres, functionalised with zinc phthalocyanine 

were applied as photocatalyst for crystal violet dye (a model organic pollutant) 

mineralisation, in a heterogeneous photodegradation process. The effects of 

initial crystal violet concentration (30, 40, 50 and 60 mgL-1), catalysts 

concentration (27, 35 and 50 mM), and light intensities and the mechanism of 

the photodegradation process were studied. Catalyst loads of 200 mg and 

crystal violet volume of 50 mL were used for all analysis. Photodegradation of 

the crystal violet dye was measured with the UV-Vis spectrophotometer. The 

final and the initial absorbance peak ratio of crystal violet in the solution 

(At/A0) was measured at different time intervals. The percentage degradation 

was calculated as a function of the concentration at different time intervals 

using Eqn. 5 (Deb et al., 2018). 

Degradation % =  
(C0− Ct)

C0
 ×  100   ……….…………..……………….. Eqn. 5  

where C0 is the initial concentration, and Ct is the concentration of the 

dye at time ‘t’. For low concentration solutions, the photodegradation 

reactions follow an apparent first-order kinetics, described by equation (6):  

Ln 
C0

Ct
 = kobs·t  ……….………………………………………………..  Eqn. 6                                                           

where Ct is the dye concentration at specific time, C0 is the initial 

concentration and kobs is the rate constant. By plotting Ln (C0/Ct) vs. time, the 
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kobs values can be determined. The UV-vis absorption spectra of the crystal 

violet in deionised water at its’ physiological pH of 5.8 is presented in Figure 

50. 

 

Figure 50: UV-Vis absorption spectra of crystal violet in (a) 40 and (b) 20    

        mgL-1 solutions. 
 

The absorption spectrum of the crystal violet in deionised water 

(Figure 50) showed three bands at the ultra-violet region around 210, 248, and 

300 nm with a shoulder around 352 nm relating to the aromatic rings (Abbas 

et al., 2020; Mapukata et al., 2019; Sindelo et al., 2022) and two main bands 

in the visible region around 540 and 580 nm relating to the chromophore 

(Abbas et al., 2020; Palma-Goyes et al., 2010). These are the characteristic 

absorption bands of crystal violet dye. 

Heterogeneous photodegradation of crystal violet dye 
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fibres (P-GB, B-OPMG & B-PLF) as control. The photocatalysts are not 

soluble in water, hence they were suspended in the crystal violet solution as 

solids (threadlike fibres). The studies were conducted using crystal violet 

solution at its’ physiological pH of 5.8 and sunlight and LED redlight, as light 

sources. The absorbance of the sample solutions was measured at various time 

intervals during the degradation process.  

Changes in the absorption spectra, when the aqueous solutions of 

crystal violet dye was irradiated with sunlight in the presence of (a) ZnPc-GB, 

(b) ZnPc-OPMF, (c) ZnPc-PLF and (d) P-GB (as example of the plain non-

functionalised fibre supports) at varying time intervals are presented in Figures 

51 and 52. 
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Figure 51: Absorption profiles of the degradation of crystal violet in the   

     presence of (a) ZnPc-GB, (b) ZnPc-OPMF (c) ZnPc-PLF and (d) P-

     GB under sunlight radiation (irradiance = 20000-50000 lx (lm/m2). 
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Upon illumination of the crystal violet solution with both sunlight 

(Figure 51) and LED redlight (Figure 52 below), both the visible and the ultra 

violet (UV) bands underwent a hypsochromic shift (in reference to Figure 50). 

As shown in Figures 51 and 52, there was a rapid decrease in intensity of the 

crystal violet visible band at 580 nm in the presence of the functionalised 

fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), suggesting the depletion of the 

chromophore (i.e conversion to colourless products) in the solution. The 

decrease in intensity with time of the visible band, may be due to the cleavage 

of the aromatic rings by oxidation (Abbas et al., 2020). There was also, a 

steady blue shift of the ultra violet (UV) bands from 300 nm to ~ 296 nm and 

that from 248 nm to ~ 236 nm which, increased with time, whilst the 210 nm 

band, disappeared. The increase in the bands at the UV region suggests that, 

the benzene rings remain intact and are not degraded during the 

photodegradation process (Mapukata et al., 2020). Consequently, rather than 

crystal violet dye superficial adsorption, a photochemically induced process is 

proposed as the cause of the spectra changes (Sindelo et al., 2022). There was 

also, no leaching of the zinc phthalocyanine from the fibres into the aqueous 

solutions of the crystal violet dye, as there was no appearance of the Q 

absorption band of ZnPc (670 nm) in the visible region. Similar observations 

took place under LED redlight radiation (Figures 52 (a), (b), (c) below). Thus, 

suggesting the functionalised fibres (b) ZnPc-GB, (c) ZnPc-OPMF and (d) 

ZnPc-PLF, can serve as good photocatalysts for the conversion of organic 

dyes in water.  

When the plain fibres were used as control under similar conditions, 

there was only a slight decrease in the bands at both the visible regions at 580 
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nm and the UV regions at 210, 248, and 300 nm (Figure 51d). This may be 

attributed to the fibre surface adsorption of the crystal violet dye. Thus, 

suggesting that, the zinc phthalocyanine in the functionalised fibres is the 

agent involved in the degradation of the crystal violet because, it is able to 

produce singlet oxygen.  

Likewise, when crystal violet solution alone was irradiated with both 

sources (sunlight and redlight) at higher light intensities (sunlight, 80,000-

85,000 lx), there were no changes in the absorbance (Figure 52d). The 

understanding is that, both light and the photocatalysts (ZnPc-GB, ZnPc-

OPMF and ZnPc-PLF) are needed for the degradation of crystal violet dye and 

that, light alone cannot carry out the photodegradation reaction.  
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Figure 52: Absorption profiles of the degradation of crystal violet dye in the 

        presence of (a) ZnPc-GB, (b) ZnPc-OPMF and (c) ZnPc-PLF    

                   under LED redlight radiation and (d) Light-only [irradiance =   

                   8000-10000 lx (lm/m2)].  
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Photocatalyst degradation efficiency as a function of time 

The degradation efficiency of the photocatalysts (ZnPc-GB, ZnPc-

OPMF and ZnPc-PLF) was determined from the graph of degradation 

percentage versus irradiation time in Figure 53. All the functionalised 

cellulose-based fibres were found to be effective towards the removal of 

crystal violet dye in a heterogeneous photodegradation environment, providing 

complete degradation within 30-120 min. The high degradation efficiency of 

the photocatalysts (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF), can be attributed 

to the robust static interactions concerning the zinc phthalocyanine in the 

fibres and crystal violet dye molecules (Chen et al., 2011). The degradation 

efficiency was observed to increase with increasing concentration of dissolved 

oxygen suggesting that, photooxidation is the major pathway of the 

photodegradation reaction (Zakharian, 2000). 

   
Figure 53: Degradation efficiency of photocatalysts (ZnPc-GB, ZnPc-OPMF, 

       ZnPc-PLF, and P-GB) vs time under (a) sunlight and (b) redlight 

       radiations. 
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ZnPc-OPMF photocatalyst achieved the most removal performance of 

97.56% within 30 mins, compared to ZnPc-GB at 99.23% in 120 min and 

ZnPc-PLF at 97.56% in 120 min under sunlight radiation (Figure 53a). Similar 

observations were made under LED redlight radiation, where ZnPc-OPMF 

achieved rapid removal of crystal violet at 95.75% within 60 min, followed by 

ZnPc-GB at 88.54% in 120 min and ZnPc-PLF at 86.80% in 120 min (Figure 

55a below). Such high percentages of colour removal by the cellulose-based 

fibres may be due to the highly stable immobilised zinc phthalocyanine in 

them, yielding high production of reactive oxygen species especially, the 

singlet oxygen for the degradation process (Morshed et al., 2020). The slightly 

lower degradation rates observed under LED redlight radiation as compared 

with sunlight radiation, may be due to the differences in their intensities. 

Redlight irradiation experiments were done at lower intensities ranged 

between [8000-10000 lx (lm/m2)] as compared with the sunlight irradiation 

[20000-50000 lx (lm/m2)]. Figure 54 shows a digital presentation of the 

complete crystal violet (CV) removal by the functionalised fibres. 

                                                 

 

 

Figure 54: Digital image presentation of complete photodegradation of crystal 

       violet dye in aqueous solution.  
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A control removal reaction was carried out with plain fibres + light (P-

GB as an example), sunlight-only (SL-O) and redlight-only (RL-O), where no 

decrease in colour intensity was observed (Figures 52a and 52b above).  

Kinetic studies of crystal violet dye removal 

Degradation kinetics is one of the most important characteristics that 

represent the catalytic efficiency of the fibre support and, therefore, largely 

illustrate its’ potential applications (Morshed et al., 2020). Thus, kinetic 

experiments were performed in which, the rate of decomposition as a function 

of irradiation time was studied. The results are presented in Figure 55. 

  

Figure 55: Plots of Ln (C0/Ct) vs time for (ZnPc-GB, ZnPc-OPMF, P-gb and 

       SL-O/RL-O with (a) sunlight and (b) redlight irradiations. (SL-O = 

       sunlight-only and RL-O = redlight-only). 
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both sunlight and LED redlight sources (Figures 55a and 55b). Zinc 

phthalocyanine conjugated to glass wool has been reportedly used to 

photodegrade methyl orange with similar kinetics (Sindole et al., 2022). 

The rate constants were inferred from Figures 55a and 55b and 

equations 7 and 8 were used to calculate the initial rates and half-lives. 

Initial Rate (R) = kobs [CV]0 ………………………………………….. Eqn. 7  

where [CV]0 = initial concentration of crystal violet dye 

     

Ln 2 = 0.6931 ………………………………………………………...  Eqn. 8  

Table 18: Kinetic Data of the Crystal Violet Photodegradation at the 

                 Starting Concentration of 40 mgL-1 with (ZnPc-GB, ZnPc- 

                 OPMF and ZnPc- PLF) 

 

Catalyst Kobs  10-2 

(min-1) 

Initial Rate 

(mgL-1min1) 

Half-life (min) R2  102 

SL RL SL RL SL RL SL RL 

ZnPc-GB  7.59 5.07 3.04 2.03 9.13 13.67 99.77 97.86 

ZnPc-OPMF 13.58 12.27 5.43 4.91 5.10 5.65 96.17 98.80 

ZnPc-PLF 6.88 4.57 2.75 1.83 10.07 15.16 99.90 98.06 

P-GB 0.04  0   0  97.40 

Source: Laboratory Analysis (2016-2021) 

 

It is evident from the summary in Table 18 that, among all the 

photocatalysts studied, ZnPc-OPMF exhibited the swiftest degradation 

efficiency of crystal violet at 97.56% within, 30 min of irradiation, at a rate of 

0.1358 min-1, with R2 ~ 0.9617, followed by ZnPc-GB at 99.23% in 120 min 

of irradiation, at a rate of 0.0759 min-1 with R2 ~ 0.9977 and then ZnPc-PLF at 

97.56% within 120 min of irradiation, at a rate of 0.0688 min-1 with R2 ~ 0.999 
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under sunlight (SL) radiation. Similar observation was made under LED 

redlight (RL) radiation, with ZnPc-OPMF achieving the fastest colour removal 

of 95.75% in 60 min of irradiation, at a rate of 0.1227 min-1, with R2 ~ 0.988, 

followed by ZnPc-GB at 88.54% in 120 min of irradiation, at a rate of 0.0507 

min-1, with R2 ~ 0.9786 and ZnPc-PLF at 86.80% in 120 min of irradiation, at 

a constant rate of 0.0457 min-1, with R2 ~ 0.9806. The rate constant (kobs) 

values of the photocatalysts (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) under 

sunlight (SL) radiation, were observed to be higher than those observed under 

LED redlight (RL) radiation (Table 18), resulting in corresponding higher 

half-lives of the photocatalysts under redlight radiation as compared to 

sunlight radiation. This may be due to the differences in their intensities for 

the photodegradation process. LED redlight intensities ranged between [8000-

10000 lx (lm/m2)] compared to sunlight [20000-50000 lx (lm/m2)]. 

The half-lives of the photodegradation of crystal violet by the 

functionalised fibres within the experimental concentrations as seen in Table 

18, have smaller values than other organic dyes (methyl orange for example) 

in literature (Sindelo et al., 2022). An encouraging aspect is that these half-

lives for the photocatalysts (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) are within 

10 and 15 minutes of exposure to both sunlight and red LED light 

respectively. Implying that, about 50 % of the contaminant (crystal violet) has 

been removed within 10 and 15 minutes of exposure to both sunlight and red 

LED light respectively. This suggests that the functionalised fibres can be 

practically used to treat organic dyes in water, due to the short 

photodegradation time. 
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Effect of concentration of crystal violet dye  

The initial concentration of a dye is an important factor that affects the 

 photodegradation efficiency. Therefore, the effects of the initial concentration 

of crystal violet dye on the photocatalytic activity of the functionalised fibres 

were also investigated. Initial concentration of 30, 40, 50, and 60 mgL-1 

solutions were used in the photodegradation experiments under similar 

experimental conditions. The results are presented in Figures 56-58. 
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Figure 56: Absorption profiles of the degradation of crystal violet at (a) 30 

        mgL-1, (b) 40 mgL-1, (c) 50 mgL-1 and (d) 60 mgL-1 initial    

       concentrations in the presence of ZnPc-GB under sunlight 

                  radiation.  
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Figure 57: Absorption profiles of the degradation of crystal violet at (a) 30 

        mgL-1, (b) 40 mgL-1, (c) 50 mgL-1 and (d) 60 mgL-1 initial   

        concentrations in the presence of ZnPc-OPMF under sunlight   

        radiation. 
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Figure 58: Absorption profiles of the degradation of crystal violet at (a) 30 

        mgL-1, (b) 40 mgL-1, (c) 50 mgL-1 and (d) 60 mgL-1 initial   

        concentrations in the presence of ZnPc-PLF under sunlight   

        radiation.  
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The results in Figures 56-58 showed that, photodegradation 

efficiencies of the three catalysts decreased with increasing concentration of 

the crystal violet. The highest photodegradation efficiency was observed in the 

crystal violet solution with initial concentration of 30 mgL-1, for all the 

photocatalysts followed by 40 mgL-1, 50 mgL-1 and 60 mgL-1 initial 

concentrations (Figure 59 d). 

  

  

Figure 59: Plots of Ln (C0/Ct) vs time for different crystal violet concentration 

       degradation by (a) ZnPc-GB, (b) ZnPc-OPMF (c) ZnPc-PLF under 

       Sunlight irradiation and (d) Degradation % of ZnPc-GB, ZnPc-  

       OPMF and ZnPc-PLF. 
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The kinetic plots in Figure 59 (a-c), are linear and follow first order 

kinetics as usual. The degradation rate constant (kobs) decreased (whilst the 

half-lives increased) with the increase in crystal violet concentration for 

(ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) Table 19. However, the slight 

differences in the values of the ZnPc-PLF photocatalyst at the crystal violet 

initial concentration of 40 mgL-1 (Table 19), may be due to mass transfer and 

diffusion challenges, normally encountered in the immobilisation processes 

involving fibrous materials (Boyacı, 2005; Morshed et al., 2020). 

Table 19: Kinetic Data for Photodegradation of Crystal Violet Dye at 

                 Various Initial Concentrations with ZnPc-GB, ZnPc-OPMF, 

                 ZnPc-PLF 

 

 C
V

 C
o
n
ce

n
tr

at
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n
 (

m
g
/L

) Kobs  10-2
 (min-1)  Initial Rate 

(mgL-1 min-1) 

Half-life (min) 

 Z
n
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B
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P
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n
P

c-
G

B
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n
P

c-
O

P
M

F
 

 Z
n
P

c-
P

L
F

 
30 32.10 33.07 26.20 9.63 9.92 7.86 2.16 2.10 2.65 

40 29.61 26.30 28.30 11.84 10.52 11.32 2.34 2.63 2.45 

50 23.19 24.28 23.09 11.60 12.14 11.55 2.99 2.85 3.00 

60 9.26 22.02 9.95 5.56 13.21 5.97 7.48 3.15 6.97 

Source: Laboratory Analysis (2016-2021) 

***CV: crystal violet, ZnPc-GB: Zinc phthalocyanine-gauze bandage, ZnPc-OPMF: 

Zinc phthalocyanine-oil palm mesocarp fibres and ZnPc-PLF: Zinc phthalocyanine-

pineapple leaves fibres. 

 
 

Effect of catalyst concentration  

The use of the right concentration/amount of catalyst in any catalytic 

degradation process is paramount, since higher concentration dose may result 

in light scattering thereby, decreasing the reaction rate. Lesser amount of 
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catalyst may also, result in the generation of lower rate of reactive oxygen 

species upon light irradiation thereby, decreasing the reaction rate (Mousali & 

Zanjanchi, 2020). Three different concentrations of 27mM, 35mM and 50mM 

of Zinc phthalocyanine immobilised on the fibre supports were used in similar 

experimental conditions, to establish the right amount that will achieve the 

best efficiency for the degradation process. The results are presented in Figure 

60.  
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Figure 60: Absorption profiles of the degradation of crystal violet in the   

       presence of ZnPc-GB (as example) at different concentrations of 

      (a) 27 mM, (b) 35 mM & (c) 50 mM, and (d) Plots of Ln (C0/Ct) vs 

      time for (a) 27 mM, (b) 35 mM and (c) 50 mM ZnPc-GB under    

      daylight radiation (9000-12000 lx). 
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As shown in Figure 60 (a)-(c), increase in zinc phthalocyanine 

concentration (from 27-35 mM) on the surface of the fibre supports resulted in 

an increase in the rate of degradation (from 0.0218 min-1 to 0.0701 min-1) until 

the highest concentration that was effective in complete removal of the crystal 

violet dye was reached (0.0701 min-1) [Figure 59 (d)] beyond which, further 

increase in the concentration of Zinc phthalocyanine (about 50 mM) on the 

surface of the support resulted in a decrease in the rate of degradation (0.0532 

min-1). This may be attributed to aggregation (usually with phthalocyanine 

complexes), which causes mass transfer and diffusion limitations, as a result 

of the excess amount of zinc phthalocyanine on the fibres. After all the zinc 

phthalocyanine is linked to the substrate, additional amount does not have any 

positive impact on the reaction since, the available sites on the surface of the 

supports are concentrated and working at their maximum (Boyacı, 2005; 

Morshed et al., 2020).  

Similar observations were made with ZnPc-OPMF and ZnPc-PLF 

photocatalysts under similar conditions (Table 20 below). Overall, the highest 

concentration/amount of zinc phthalocyanine immobilised on the cellulose 

fibre support to achieved the best degradation efficiency is 35 mM for all the 

three fibre supports (Table 20). 
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Table 20: Kinetic Data of the Crystal Violet Photodegradation with 

     Various (ZnPc-GB, ZnPc-OPMF & ZnPc-PLF) Concentrations 

  

C
at

al
y
st

  
C

o
n
ce

n
tr

at
io

n
 (

m
g
L

-1
) Kobs  10-2 

(min-1) 

Initial Rate 

(mgL-1min1) 

Half-life (min) R2  102 

DL RL DL RL DL RL DL RL 

Z
n
P

c-
G

B
 

35 23.12 28.69 8.09 10.04 3.00 2.42 99.39 98.21 

50 7.59 5.07 3.80 2.53 9.13 13.67 99.77 97.86 

Z
n
P

c-
O

P
M

F
 

35 24.23 33.71 8.48 11.80 2.86 2.06 99.01 95.33 

50 13.59 12.27 6.80 6.14 5.10 5.65 96.17 98.80 

Z
n
P

c-
P

L
F

 

35 18.62 15.75 6.52 5.51 3.72 4.40 97.31 99.83 

50 6.88 4.57 3.44 2.29 10.07 15.16 99.90 98.06 

Source: Laboratory Analysis (2016-2021) 

***DL: Daylight, RL: Redlight, ZnPc-GB: zinc phthalocyanine-gauze 

bandage, ZnPc-OPMF: zinc phthalocyanine-oil palm mesocarp fibres and 

ZnPc-PLF:  zinc phthalocyanine-pineapple leaves fibres. 

 
 

Effect of light intensities 

The intensities of the light sources were also assessed, to ascertain their 

effects on the photodegradation process under similar experimental conditions. 

The results are presented in Figures 61 and 62.  
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Figure 61:  Absorption profiles of the degradation of crystal violet in the   

        presence of ZnPc-GB under (a) daylight (12000 lx) and (b)  

                   sunlight (30000 lx) radiations.  

 

   

Figure 62: (a) Degradation efficiency of photocatalyst ZnPc-GB vs time under 

       daylight [12000 lx (lm/m2)] and sunlight [30000 lx (lm/m2)]    

       radiations and (b) Plots of Ln (C0/Ct) vs time. 
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The results in Figures 61-62 showed that, photodegradation 

efficiencies increased with increasing light intensities. Sunlight (high) 

intensity [30000 lx (lm/m2)] resulted in a higher photodegradation efficiency 

of 99.23% in 120 min of irradiation (Figures 61b and 62a), at a rate of 0.0759 

min-1, with R2 of 0.9977 (Figure 62b above) compared with daylight intensity 

[12000 lx (lm/m2)] with photodegradation efficiency of 92.33% in 120 min of 

irradiation (Figures 61a and 62a), at a rate of 0.0535 min-1, with R2 of 0.9953 

(Figure 62b). 

Photocatalysts recyclability studies 

One of the great advantages of porous heterogeneous catalysts is their 

potential to be recycled and reused in continuous cycles. Recyclability studies 

demonstrates, the effectiveness of the ZnPc immobilisation process, which is 

comparable to the stability of the ZnPc dye. To investigate the durability and 

stability of functionalised cellulose-based fibre catalysts (ZnPc-GB, ZnPc-

OPMF, and ZnPc-PLF), they were subjected to at least 3 cycles of crystal 

violet dye removal under the same experimental conditions. The results are 

presented in Figure 63. 
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Figure 63: Degradation efficiency of the photocatalyst (ZnPc-GB, ZnPc-  

       OPMF, and ZnPc-PLF) for three successive cycles of crystal violet 

       removal. 
 

In response to the basic motive of immobilising zinc phthalocyanine on 

the cellulose-based fibres, all the photocatalysts (ZnPc-GB, ZnPc-OPMF, and 

ZnPc-PLF) showed the ability to be reused for at least three consecutive 

cycles, without significant loss of the removal efficiency. This shows, the high 

photostability of the catalysts.  

Mechanism of the photodegradation process 

The alleged involvement of singlet oxygen in the photodegradation of 

the crystal violet dye, was evaluated by running photolysis in aqueous 

solutions and adding sodium azide (NaN3), which is known to quench singlet 

oxygen to the solutions. The results are presented in Figure 64. 
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Figure 64: Absorption profiles of the degradation of crystal violet in the   

       presence of (a) 35 mM ZnPc-GB, (b) 35 mM ZnPc-GB + 0.1 M 

       NaN3 - O2, under sunlight radiation and (c) the Plots of Ln (C0/Ct) 

       vs time. 
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Figure 64a shows the complete degradation of the crystal violet dye in 

the presence of ZnPc-GB and oxygen, with degradation efficiency of 98.93% 

after 90 mins of irradiation. When sodium azide (a singlet oxygen quencher) 

was added to the crystal violet solution in the presence of ZnPc-GB minus 

oxygen (in an air-tight reaction vessel), only slight spectral changes were 

observed after 120 mins of irradiation, with degradation efficiency of 26.52% 

(Fig. 64b). This is an indication that, singlet oxygen is the key agent involved 

in the photodegradation process, favouring Type II mechanism. 

Linear plots of Ln (C0/Ct) vs. time of the inhibition process which, 

follow the first order reaction kinetics (Fig. 61c) are presented in Table 21. 

Table 21: Kinetic Data of the Crystal Violet Photodegradation with  

     Quencher (NaN3) and Catalyst (ZnPc-GB, as an example) 

 

Catalysts + quencher Kobs  10-2 

(min-1) 

Initial Rate 

(mgL-1 min-1) 

Half-life 

(min) 
R2  102 

ZnPc-GB + O2 23.12 9.25 3.0 99.29 

ZnPc-GB + NaN3 - O2  0 0 0 - 

Source: Laboratory Analysis (2016-2021) 

 

The photocatalytic properties of phthalocyanines are due to their 

ability to produce highly reactive singlet oxygen (1O2). These highly reactive 

species are formed in the presence of light and the excited photocatalyst upon 

exposure to molecular oxygen. Zinc phthalocyanines with the help of light, 

then convert the triplet-oxygen (3O2) to singlet oxygen (1O2), which causes 

non-radical oxidation of the crystal violet dye (Gao et al., 2014).  

The mechanism of the degradation of crystal violet dye (a model 

organic pollutant) by the photocatalysts (ZnPc-GB, ZnPc-OPMF and ZnPc-

PLF) may be described as below: 
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ZnPc-GB (ZnPc-OPMF, ZnPc-PLF)  
ℎ𝑣
→    1ZnPc*-gb   ……………...   Eqn. 9 

1ZnPc*-GB   
𝐼𝑆𝐶
→     3ZnPc*-GB    ……….………...………………….   Eqn. 10 

3ZnPc*-GB + 3O2 → ZnPc-GB + 1O2  ……..…….…………………   Eqn. 11 

1O2 + CV → Oxidation products    …………………………………   Eqn. 12 

In this process, the zinc phthalocyanine immobilised on the cellulose-

based fibre supports (i.e., ZnPc-GB) is excited by sunlight/redlight irradiation 

to form the singlet excitation state (1ZnPc*-GB), Eqn. 9, and then (1ZnPc*-

GB) turn through intersystem crossing into the excited triplet states (3ZnPc*-

GB), Eqn. 10. The 3ZnPc*-GB then interact with the ground state triplet 

oxygen (3O2) to generate the highly active singlet oxygen (1O2) Eqn. 11, which 

then, leads to the degradation of crystal violet Eqn. 12, (Mousali & Zanjanchi, 

2020; Wan et al., 2015).  

In summary, when the crystal violet solution was irradiated with light 

(sunlight/redlight), a hypsochromic shift and decrease in intensity occurred in 

the visible and ultraviolet peaks. New species were formed with absorbances 

near 240 nm and 296 nm, which increased with irradiation time (Figures 51 

and 52, above). An increase in photodegradation efficiency occurred with 

increased dissolved oxygen (Figure 52), suggesting that photooxidation is the 

predominant pathway. The blue shift of the irradiated absorption spectra is 

attributed to the demethylation of crystal violet to form methyl violet and other 

methylated pararoanilines (Zakharian, 2000). The general decrease in 

absorbance in the visible range indicates that decomposition to colourless 

products occurred in addition to demethylation. The increase in absorbance 

near 240 nm and 296 nm can be explained by the formation of intermediates in 
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the conversion to colourless products (CO2 and H2O). This aligned with the 

proposed degradation mechanism by Kuramoto & Kitao, (1982) in Figure 65. 

 

Figure 65: Modified photodegradation mechanism of crystal violet (Kuramoto 

       & Kitao, 1982).  
 

******(A): Crystal Voilet; (B/C): dioxeran intermediates; (D): 4,4-

bis(dimethylamino)-benzophenone and (E): p-(dimethylamino)phenol. 

 

 

Antibacterial Photodynamic Application of the Functionalised Cellulose-

Based Fibres In-Vitro 

The bacteria samples on the Müeller-Hinton agar plates, were 

irradiated with both daylight and LED redlight (670  5 nm) sources with 

irradiances of 400-1500 lx (lm/m2) and 2000-2500 lx (lm/m2) respectively, for 
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30 min at ambient temperature. The daylight source was not stable due to 

inconsistent changes in weather conditions. Nonetheless, the daylight 

irradiance as low as 400 lx (lm/m2), was very effective. 

The study bacteria strains were subjected to the following treatment 

regiments: the effect of the functionalised fibre (photosensitiser) alone and the 

effect of light alone (daylight or LED redlight) as the negative control with 10 

µg gentamicin discs as the positive control, the effect of APDT 

(photosensitiser + light + O2) and the effect of the photosensitiser 

concentration on the strains in-vitro. 

Effect of light alone and the functionalised fibres alone  

The bacteria strains were individually given, light-only and 

photosensitiser-only treatment doses as control treatments.    

     

   

Figure 66: Images of (a) S. aureus ATCC 25923, (b) MRSA ATCC 43300, (c) 

      P. aeruginosa and (d) P. aeruginosa ATCC 27312 after 16-24 hr 

       incubation, under Light-only treatment. 
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(c) (d) 
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Light treatment alone (both daylight and red light) had no effect on the 

bacteria, as shown in figure 66, corroborating the literature (Catão & Batista 

2020). However, Pseudomonas aeruginosa ATCC 27312 lost its characteristic 

blue colour due to high dose of LED redlight source (5000 lx). 

  

    

Figure 67: Images of S. aureus ATCC 25923 (a & b) and P. aeruginosa ATCC 

        27312 (c & d) plates with the functionalised fibre discs (ZnPc-GB 

        (i), ZnPc-OPMF (ii) & Gentamicin (iii)) after 16-24 hr incubation, 

        under dark conditions. 
 

As depicted in figure 67, there was no effect on the bacteria and no 

zone of inhibition was exhibited, when the functionalised fibres 

(photosensitizers) alone were used, with 10 µg gentamicin discs as the positive 

control. Studies have revealed that an important aspect of the antibacterial 
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photodynamic therapy (APDT) is that, the two components (i.e. light and 

photosensitisers) in combination must work together in order to effectively 

inactivate bacteria. When used individually, does not affect bacteria in anyway 

(Burns et al., 1993, Williams et al., 2003, 2004) as observed in this study.  

Effect of APDT on bacteria strains in-vitro under daylight irradiation 

For photodynamic therapy (PDT) to be successful for antibacterial 

purposes, it is critical to select a suitable, effective and non-toxic 

photosensitiser with high absorption capacity, over the period of time the light 

is used (Meisel & Kocher, 2005). Hence the two components, daylight and the 

functionalised fibres (photosensitisers) were used in combination to assess 

their effect on bacteria. 
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Figure 68: Images of (1) MRSA 3646 and (2) MRSA ATCC 43300 plates   

      with (a) P-GB & ZnPc-GB, (b) B-OPMF & ZnPc-OPMF and (c) B-

       PLF & ZnPc-PLF discs after 16-24 hr incubation, under daylight 

       irradiation. 
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For the gram-positive bacteria (Staph aureus ATCC 25923, MRSA 

3646 and MRSA ATCC 43300) under daylight irradiation, as seen in figures 

68 above and 69 below, the plain cellulose-based fibres (P-GB, B-OPMF and 

B-PLF) did not exhibit any zone of inhibition, meaning that, they do not 

possess any antibacterial property whilst, the functionalised fibres (ZnPc-GB, 

ZnPc-OPMF and ZnPc-PLF) effectively, inhibited the bacteria growth with 

zones of inhibition ranging from 24-35 mm under daylight irradiance as low as 

500 – 600 lx (lm/m2). This confirms the effective immobilisation of zinc 

phthalocyanine on the plain cellulose-based fibres and their superior 

antibacterial properties, especially on the resistant strains (MRSA 3646 and 

MRSA ATCC 43300). 

 

Figure 69: S aureus ATCC 25923 plates with (i) Gentamicin, (ii) ZnPc-OPMF 

       and (iii) ZnPc-GB discs after 16-24 h incubation, under daylight 

       irradiation. 
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Figure 70: (a & c) P. aeruginosa and (b & d) P. aeruginosa ATCC 27312    

       plates with ZnPc-GB (a & b) and ZnPc-OPMF (c & d) discs and P. 

      aeruginosa plates (e & f) with (i) GN, (ii) ZnPc-GB & (iii) ZnPc-

      OPMF discs after 24 h incubation, under daylight irradiation. 

 

For the gram-negative bacteria (P. aeruginosa and P. aeruginosa 

ATCC 27312) under daylight irradiation, all the functionalised fibres (ZnPc-
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GB, ZnPc-OPMF as example) effectively inhibited P. aeruginosa (clinical 

isolate) with zones of inhibition ranging from 21-26 mm, but the P. 

aeruginosa ATCC 27312 was not inhibited, as depicted in Figure 70, above. 

Perhaps because, the concentration of the photosensitiser needed to cause 

bactericidal effects were too small or because of its complex structure (Awad 

et al., 2016). This corroborates other reports (Catão & Batista, 2020; Huang et 

al., 2010; Tseng et al., 2009) in the literature that, may be justified by the 

difficulty of obtaining inhibitory or bactericidal effects in gram-negative 

bacterial species, especially P. aeruginosa. The binding and uptake of 

photosensitisers into bacterial cells varies by bacterial species. The special 

structure of the cell envelope makes Gram-positive pathogens much more 

sensitive to anionic and neutral photosensitisers due to the thick and porous 

layer of peptidoglycan on their outer surface (Tim, 2015). Gram-negative 

bacteria on the other hand, are known to be relatively resistant to neutral or 

anionic drugs (Malik et al., 1990; Minnock et al., 1996), and require a 

disturbance of the cytoplasmic membrane to render them sensitive to anionic 

or neutral photosensitisers (Nitzan et al., 1992) and zinc phthalocyanine is a 

neutral photosensitiser. However, the reduced susceptibility of gram-negative 

bacteria P. aeruginosa was overcome in this study, by the use of the 

functionalised cellulose-based fibres (immobilised zinc phthalocyanine) 

which, may be attributed to their porous and hydrophilic nature.  

Effect of APDT on bacteria strains in-vitro under redlight irradiation 

The two components i.e. LED redlight and the functionalised fibres 

(photosensitisers) were also, applied in combination to assess their effect on 

bacteria. 
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Figure 71: Images of (1) MRSA 3646 and (2) MRSA ATCC 43300 plates    

       with (a) P-GB & ZnPc-GB, (b) B-OPMF & ZnPc-OPMF and (c) 

        B-PLF & ZnPc-PLF discs after 16-24 hr incubation, under redlight 

        irradiation. 
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For the gram-positive bacteria (Staph aureus ATCC 25923, MRSA 

3646 and MRSA ATCC 43300) under redlight irradiation, as seen in Figure 71 

above, the plain cellulose-based fibres (P-GB, B-OPMF and B-PLF) did not 

exhibit any zone of inhibition, meaning that they do not possess any 

antibacterial property whilst, the functionalised fibres (ZnPc-GB, ZnPc-OPMF 

and ZnPc-PLF) effectively inhibited the bacteria growth with zones of 

inhibition ranging from 24-35 mm under redlight irradiance ranging between 

1500-2500 lx (lm/m2). This confirms the effective immobilisation of Zinc 

phthalocyanine on the plain cellulose fibres and their superior antibacterial 

properties especially, on the resistant strains (MRSA 3646 and MRSA ATCC 

43300).  

    

Figure 72: P. aeruginosa plate with ZnPc-GB disc after 24 hr incubation,   

      under redlight irradiation. 
 

 

For the gram-negative bacteria (P. aeruginosa and P. aeruginosa 

ATCC 27312) under redlight irradiation, all the functionalised fibres (ZnPc-

GB as example, Figure 72) effectively inhibited P. aeruginosa (clinical 

isolate) with zone of inhibition around 22 mm, but the P. aeruginosa ATCC 

27312 was not inhibited. Perhaps because, the concentration of the 
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photosensitiser needed to cause a bactericidal effect was too small or because 

of its’ complex structure (Awad et al., 2016). This supports other reports 

(Catão & Batista, 2020; Huang et al., 2010; Tseng et al., 2009) in the literature 

that, may be justified by the difficulty of obtaining inhibitory or bactericidal 

effects in gram-negative bacterial species, especially P. aeruginosa.  

Several studies have shown that Gram-negative organisms such as 

Pseudomonas aeruginosa are less susceptible to APDT and much more 

difficult to treat (Sperandio et al., 2013). The difference in susceptibility of 

Gram-negative and Gram-positive bacteria to APDT may be due to their 

physiology. The cell wall of Gram-negative bacteria consists of an inner and 

outer cytoplasmic membrane of a multi-layered complex consisting of a 

glycocalyx, an outer membrane lipid bilayer, a lipopolysaccharide, a 

periplasm, a peptidoglycan cell wall, and a cell membrane lipid bilayer. In 

particular, lipopolysaccharide (LPS) acts as an effective permeability barrier 

between cells and their environment, tending to restrict attachment and 

penetration of most photosensitiser structures (Hancock, 1997; Jori, 2006; 

Maisch et al., 2004; Minnock et al., 2000). Gram-positive bacteria, on the 

other hand, have a cytoplasmic membrane composed of a porous cell wall 

made of peptidoglycan and lipoteichoic acid which, are less effective 

permeation barriers for photosensitiser structures (Jori & Brown, 2004; 

Minnock et al., 2000) and are therefore more sensitive to APDT. 

Effect of photosensitiser concentration on bacteria 

Four different photosensitiser (functionalised cellulose-based fibre) 

concentrations ranging from 8.5 µM-14 mM were applied to assess their effect 

on the bacteria using ZnPc-GB as an example. 
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Figure 73. S. aureus ATCC 25923 plate with (i) 8.5 µM ZnPc-GB, (ii) 3.5 mM 

      ZnPc-GB, (iii) 7 mM ZnPc-GB and (iv) 14 mM ZnPc-GB discs   

      after 16-24 hr incubation, under both Light Conditions. 
 

 

A concentration-dependent response was observed with all the 

functionalised fibres in all the bacteria strains except for the P. aeruginosa 

ATCC 27312 strain (which, did not exhibit antibacterial effect), and the APDT 

activity was found to increase with increasing concentration of the amount of 

zinc phthalocyanine on the functionalised cellulose-based fibres, under both 

light conditions as depicts in Figure 73 and Table 21 below, using daylight 

irradiance at 1000-1400 lx (lm/m2), ZnPc-GB and S. aureus ATCC 25923 as 

examples. Unfortunately, the exact amount of photosensitiser that was 

adsorbed/immobilised on the cellulose-based fibre discs could not be 

quantified. 

Table 22 presents, the zone of inhibition (ZOI) of MRSA ATCC 

43300, S. aureus ATCC 25923 and P. aeruginosa with ZnPc-GB discs at 

various concentrations. 
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Table 22: Zone of Inhibition (ZOI) of MRSA ATCC 43300, S. aureus 

                 ATCC 25923 and P. aeruginosa with ZnPc-GB Discs at Various 

                 Concentrations 

 

Bacteria Strain  ZnPc-GB Discs ZOI (mm) 

MRSA ATCC 43300 8.5 µM 0 

 3.5 mM 15 

 7.0 mM 25 

 14.0 mM 30 

S. aureus ATCC 25923 8.5 µM 0 

 3.5 mM 17 

 7.0 mM 22 

 14.0 mM 23 

P. aeruginosa 8.5 µM 0 

 3.5 mM 15 

 7.0 mM 23 

 14.0 mM 25 

Source: Laboratory Analysis (2016-2021) 

 

Comparison of light sources 

The effect of both daylight and LED redlight sources on the bacteria 

activity were also compared to ascertain, which of the two light sources was 

more efficient. The results are presented in Table 23. 
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Table 23: APDT Activities under Daylight and Redlight Irradiances 

 

Bacteria Strain ZnPc-fibre Discs Zone of Inhibition (mm) 

Daylight Redlight 

MRSA 3646 ZnPc-GB 24 24 

 ZnPc-OPMF 25 30 

 ZnPc-PLF 28 29 

 10 g GN 23 23 

MRSA ATCC 43300 ZnPc-GB 23 25 

 ZnPc-OPMF 31 30 

 ZnPc-PLF 28 29 

 10 g GN 20 20 

S. aureus ATCC 25923 ZnPc-GB 18 20 

 ZnPc-OPMF 35 33 

 ZnPc-PLF 35 35 

 10 g GN 27 27 

P. aeruginosa ZnPc-GB 21 22 

 ZnPc-OPMF 26 - 

 10 g GN 18 18 

P. aeru ATCC 27312 ZnPc-GB 0 0 

 ZnPc-OPMF 0 0 

 ZnPc-PLF 0 0 

Source: Laboratory Analysis (2016-2021) 

 

The daylight and LED redlight sources (670  5 nm) combined with 

the photosensitiser, showed similar inhibitory effects on the bacterial strains 

(except P. aeruginosa ATCC 27312) regardless of the intensities at ambient 

temperature (Table 23 above). Although, the daylight source was unstable 

throughout the research, due to inconsistent weather conditions, it was just as 

effective as the LED redlight source (670  5 nm) even, at intensities as low as 

500-600 lx (lm/m2). Perhaps because, daylight is part of the visible section of 
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the electromagnetic spectrum, that emits electromagnetic radiation at broad 

wavelengths between 380 and 750 nm (Starr et al., 2005) and therefore, could 

emit light that matches the exact light absorption wavelength of the Zinc 

phthalocyanine (photosensitiser). The photosensitiser is usually activated upon 

exposure to light of a specific wavelength corresponding to its own peak 

absorption wavelength (Tedesco et al., 2003). The LED redlight used for this 

study has a light emission at λmax 670 nm which, equals the light absorption 

(λmax670nm) of the photosensitiser (zinc phthalocyanine). Therefore, good 

energy transfer from the electrical phase to the photosensitiser was ensured. 

LEDs convert electrical energy with high efficiency in the photon domain at 

suitable wavelengths (Ye et al., 2017). The stronger the light absorbed by the 

photosensitiser at the right wavelength, the higher the efficiency of the 

quantum excited state and the ROS (Rak et al., 2019), thereby improving the 

bacterial inhibition rate.  

In summary, APDT with daylight and LED redlight sources (670  5 

nm) along with the functionalised fibres showed similar antibacterial effects 

against the methicillin/multidrug resistant strains, Staphylococcus aureus 

ATCC 25923, MRSA 3646, MRSA ATCC 43300 and Pseudomonas 

aeruginosa except P. aeruginosa ATCC 27312. Daylight and redlight sources 

alone did not show antibacterial effects against any of the strains used. Both 

daylight and LED redlight sources (670  5 nm) combined with the 

photosensitiser exhibited similar inhibitory effects on the bacterial strains 

(except P. aeruginosa ATCC 27312) regardless of the intensities at ambient 

temperature.  
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The whitish film seen around the functionalised fibre discs in all the 

results, may be due to aggregation, which results in quenching, as a result of 

stacking up of the fibres on the bacterial samples in the agar plate instead of 

spreading them out (Jia et al., 2019). Nevertheless, all the functionalised 

cellulose-based fibres (ZnPc-GB, ZnPc-OPMF and ZnPc-PLF) showed 

effective photodynamic antibacterial activity against methicillin/multidrug 

resistant strains, Staph aureus ATCC 25923, MRSA 3646, MRSA ATCC 

43300 and the clinical isolate Pseudomonas aeruginosa.   

Activated photosensitisers can induce photosensitisation near bacterial 

cells. When the photosensitiser is absorbed by the bacterial cell, the site of 

damage to the light depends on its subcellular location (Minnock et al., 1996). 

Various cellular components can be attacked, including amino acids (mainly 

cysteine, histidine, tryptophan, tyrosine and methionine), nucleosides (mainly 

guanine) and unsaturated lipids, that can react with 1O2 (Girotti, 2001). The 

diffusion distance of 1O2 is up to 75 nm (Moan, 1990; Ouedraogo & Redmond, 

2003) hence, the use of immobilised support may lead to more efficient 

photosensitisation.  

In life, countless skin injuries occur due to accidents, illnesses, post-

surgery, etc. In many cases, many progress to a chronic stage (may not heal 

within 6 weeks) and are often complicated by infections (Bowler et al., 2001). 

Chronic injuries are very common, painful for patients and expensive to treat, 

antimicrobial photodynamic therapy (APDT) therefore, may come as a 

cheaper alternative. 
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Chapter Summary 

A zinc phthalocyanine complex was synthesised using microwave 

irradiation and characterised using various techniques. The dye is photoactive, 

fluorescent, and can generate singlet oxygen, a key agent in photosensitisation 

processes. Natural cellulose-based fibres (B-OPMF and B-PLF) were 

extracted from oil palm mesocarp fibers and pineapple leaves wastes. The 

synthesised zinc phthalocyanine was incorporated into these fibres to make 

them functional, exhibiting the fluorescence behavior, photoactivity and 

singlet oxygen producing capacity characteristic of the zinc phthalocyanine. 

These functionalised cellulose-based fibres were used for gas detection, 

photodegradation, and photodynamic inactivation of bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 University of Cape Coast            https://ir.ucc.edu.gh/xmlui

Digitized by Sam Jonah Library



 

 
 

181 

CHAPTER FIVE 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Overview 

Zinc phthalocyanine dye is fluorescent, photoactive and can produce 

singlet oxygen, an essential component of most photosensitisation processes. 

Nonetheless, its solubility is restricted in physiological, aqueous, and certain 

organic solvents, due to its hydrophobic and insoluble nature. Consequently, 

immobilisation on suitable solid supports that can display their 

photosensitising qualities as in solution will aid in resolving the problems 

associated with aqueous solution aggregation, recovery, and disposal. Thus, 

using microwave irradiation, the monomeric unsubstituted zinc 

phthalocyanine complex was synthesised and characterised using a variety of 

methods. Next, oil palm mesocarp fibres and pineapple leaves wastes were 

processed to create environmentally friendly natural cellulose-based fibres 

which, were then utilised as supports to help the zinc phthalocyanine dye 

become immobile. The now-functionalised cellulose-based were found to 

exhibit all the dye's characteristic features as in solution, due to their porous 

nature therefore, were used for qualitative gas detection, photodegradation of 

crystal violet dye in solutions, and photodynamic inactivation of bacteria in 

vitro.  

Summary 

Zinc phthalocyanine dye was synthesised and incorporated into porous 

natural cellulose-based fibres and applied for optical detection of nitrogen 

dioxide, photodegradation of crystal violet dye in aqueous media and invitro 

photodynamic antibacterial tests. The zinc phthalocyanine-functionalised 
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fibres were able to qualitatively sense nitrogen dioxide gas through 

fluorescence quenching; able to degrade crystal violet dye, an organic 

pollutant, in aqueous media under both sunlight and LED redlight irradiations, 

without using extra oxidizing agent and proved to be effective antibacterial 

agents against methicillin/multidrug resistant strains, Staph aureus ATCC 

25923, MRSA 3646, MRSA ATCC 43300 and a clinical isolate Pseudomonas 

aeruginosa under both daylight and LED redlight irradiations.  

Conclusions 

In this study, zinc (II) phthalocyanine complex was synthesised using 

microwave irradiation and characterised by various spectroscopic, microscopic 

and thermal techniques. The results confirmed the synthesis of the monomeric 

unsubstituted zinc phthalocyanine dye. The photophysical and photochemical 

analysis showed tha, it is photoactive, has fluorescence and can also generate 

singlet oxygen, the principal agent, involved in most photosensitisation 

processes. 

Natural cellulose-based fibres (B-OPMF and B-PLF), which were 

intended for use as supports for the immobilisation of zinc phthalocyanine, 

were extracted from oil palm mesocarp fibres and pineapple leaves wastes and 

purified. The extracted fibres were taken through spectroscopic, microscopic 

and thermal characterisation to establish their cellulosic nature. The results 

confirmed that, pure cellulose was successfully extracted from the raw fibre 

wastes, when compared with the commercial cotton gauze bandage as the 

reference cellulose. 

The synthesised zinc phthalocyanine was incorporated into the 

extracted natural cellulose-based fibres and characterised as before. The 
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results showed that the zinc phthalocyanine was successfully embedded and 

well distributed within the cellulose-based fibres. 

The photophysical and photochemical properties of the cellulose-based 

fibres, functionalised with zinc phthalocyanine (ZnPc-GB, ZnPc-OPMF and 

ZnPc-PLF) were also assessed. They were found to exhibit the same 

fluorescence behaviour, that is characteristic of the zinc phthalocyanine in 

solution. Thus, making them promising fibres for qualitative detection of gases 

through fluorescence quenching. Also, the photoactivity and the singlet 

oxygen producing capacity of the zinc phthalocyanine was sustained within 

their matrices. Therefore, making them promising fibre materials for most 

photosensitisation applications. 

The zinc phthalocyanine-functionalised cellulose-based fibres (ZnPc-

GB, ZnPc-OPMF and ZnPc-PLF) could qualitatively sense nitrogen dioxide 

gas through fluorescence quenching. 

The zinc phthalocyanine-functionalised cellulose-based fibres (ZnPc-

GB, ZnPc-OPMF and ZnPc-PLF) were found to be promising fibres for the 

photodegradation of crystal violet dye, an organic pollutant under both 

sunlight and LED redlight irradiations in aqueous media without the aid of 

extra oxidising agent. 

The zinc phthalocyanine-functionalised cellulose-based fibres (ZnPc-

GB, ZnPc-OPMF and ZnPc-PLF) showed effective photodynamic 

antibacterial activity against methicillin/multidrug resistant strains, 

Staphylococcus aureus ATCC 25923, MRSA 3646, MRSA ATCC 43300 and 

a clinical isolate Pseudomonas aeruginosa under both daylight and LED 
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redlight irradiations and could therefore, be applied as topical antibacterial 

fibres for wound healing using daylight irradiation as a cheaper alternative.  

Normal daylight source was as effective as the LED redlight source 

(670  5 nm) in the photodegradation and photodynamic applications. 

Therefore, normal daylight source can be used in place of redlight as a cost-

effective alternative.  

Recommendations  

The findings of this study led to the identification of some areas that 

required additional research. These recommendations include:  

1. Cellulose is abundant and related to green chemistry. However, 

cellulosic phthalocyanines that can increase the effective surface area 

of the catalyst by reducing various accumulation states are rare. Thus, 

the porosity and catalyst loading of these cellulose fibres can be 

studied, along with the efficiency of the photocatalytic reaction (moles 

of contaminant substrate converted by moles of catalyst), and other 

conditions that affect fibre quality. 

2. Pre-treatment of the Gram (-) bacterial with membrane-disrupting 

agents such as ethylenediaminetetraacetic acid (EDTA) or Polymyxin 

Nonapeptide PMNP together with the neutral ZnPc-cellulose fibres or 

the use of cationic conjugated ZnPc-cellulose fibres for the APDT, will 

help with the complete inactivation of the Gram-negative bacteria. 
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APPENDIX 

Identification/ Confirmation Tests 

Before using the obtained Staphylococcus aureus strains for APDT, 

identification and confirmation tests were performed using mannitol salt agar 

(MGA) medium. A positive result, resulted in a yellow colour change on pink 

mannitol salt agar plates after 18-48 hours of incubation. 

 

  

Images of (1) MRSA 3646 and (2) MRSA ATCC 43300 on mannitol salt agar 

plates after (a) 18-24 and (b) 24-48 hrs of incubation. 
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