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ABSTRACT 

 

 

Global water pollution caused by dye contaminants has been reported to have reached 

an alarming level. Dye pollutants, which are known to be highly toxic and 

carcinogenic, can cause serious damages to aquatic life, human health and ecosystem. 

Various dye wastewater treatment technologies, such as adsorption, coagulation, 

photo-catalysis, ozonation and membrane filtration processes have been developed. 

However, these conventional methods are constrained by low efficiency, poor 

operational stabilities, high cost, and the formation of harmful by-products. In recent 

years, there is a growing interest towards the development of immobilized enzyme 

technologies because they are more economical, effective and eco-friendly. Although 

numerous existing immobilized enzymatic systems have been established, their 

practical applications are limited due to mass transfer restriction, lack of protection 

against fouling, difficulty for separation of immobilized enzymes from reaction 

mixture, as well as lack of feasibility for scaling-up and continuous operations. To 

circumvent the problems faced by the existing immobilized enzymatic systems, the 

objectives of this research are (i) to synthesize the peroxidase-immobil ized 

functionalized buckypaper/polyvinyl alcohol (BP/PVA), and optimize the 

immobilization efficiency of peroxidase on the membrane support; (ii) to characterize 

and evaluate the biocompatibility of peroxidase with BP/PVA membrane based on its 

structure, function and behaviour, as well as its enzyme stability; (iii) to determine and 

optimize the performance of peroxidase-immobilized BP/PVA membrane for batch 

dye treatment under various operating parameters; (iv)  to investigate and optimize the 

performance of peroxidase-immobilized BP/PVA membrane in the column system 

under batch recycled mode. In the present study, peroxidase enzyme was extracted 

from jicama (Pachyrhizus erosus) skin peel. This is because jicama peroxidase (JP) 

was proven to be effective for treating organic wastewater pollutants. Based on the 

experimental results, the crude JP enzyme has an average activity of 1.40 ± 0.02 U/mL, 



Abstract 

 

VI 
 

and specific activity of 0.48 U/mg. JP enzyme was successfully immobilized onto the 

BP/PVA membrane via covalent bonding using glutaraldehyde as the crosslink ing 

agent. The optimum enzyme immobilization efficiency was achieved at pH 6, with 

initial enzyme loading of 0.13 U/mL and contact time of 130 min. The effective 

binding of peroxidase on the surface of the BP/PVA membrane was characterized and 

evaluated. The large surface-to-volume ratio and highly porous structure of BP/PVA 

membrane observed indicated its suitability as a promising support material for 

peroxidase. In line with this observation, BP/PVA membrane demonstrated high 

enzyme loading of 217 mg/g and immobilization efficiency of 81.74 %. Besides, 

immobilization of JP on BP/PVA membrane has exhibited remarkably improved pH 

and thermal stabilities compared to its free counterpart. Moreover, the JP-immobil ized 

BP/PVA membrane has also shown significant improvement on the storage stabilit ies 

as compared to the free peroxidase. The performance of JP-immobilized BP/PVA 

membrane for the treatment of methylene blue (MB) dye from aqueous solution in 

batch system were investigated and optimized. The maximum MB dye removal 

efficiency of 99.5% was achieved at pH-5.77, 179 rpm, ratio of H2O2/MB dye of 73:1,  

within 229 min. Compared to BP/PVA membrane, the reusability test revealed that JP-

immobilized BP/PVA membrane has better dye removal performances as it can retain 

64% of its dye removal efficiency even after eight consecutive cycles. Further 

feasibility study and performances of JP-immobilized BP/PVA membrane for MB dye 

removal in a customized multi-stage membrane column under batch recycled mode 

were carried out. Results obtained showed that the dye removal efficiency using 

immobilized JP membrane in column system is dependent on the influent flow rate, 

ratio of H2O2/dye concentrations, and contact time. The maximum dye removal 

efficiency of 99.7% was achieved at a flow rate of 2 mL/min, ratio of H2O2/dye 

concentration of 75:1, within 183 min. Further study revealed that JP-immobil ized 

BP/PVA membrane exhibited promising reusability capability as it can achieve 73% 

of dye degradation efficiency even after eight successive runs. The research outcomes 

demonstrated that JP-immobilized BP/PVA membrane holds great potential to be an 

alternative for dye wastewater treatment. The integration of enzyme immobiliza t ion 

and nano-membrane is a promising and cost effective next-generation technology, 

which can simultaneously operate adsorption, separation, and biodegradation of dye 

pollutant from wastewater over time. It is worth mentioning that this green wastewater 

treatment method can also remove the dye water effectively, without the generation of 
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hazardous by-products. The findings also provide the fundamental insight for 

enhancement of processes for effective and sustainable wastewater treatment for 

industrial application.  The combination of immobilized enzymatic and nanostructured 

membrane technology is envisioned to bring about significant impacts of advanced 

enzyme immobilization technology development in the future. 

Keywords 

Peroxidase; Immobilization; Functionalized Buckypaper/PVA membrane; Response 

surface methodology; Dye removal. 
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CHAPTER 1  

INTRODUCTION 

 

 

1.1     Background 

Water pollution has become a rising concern over the last century due to the rapid growth in 

population, urbanization and industrialization. One of the major water pollution is caused by 

the disposal of large amounts of dye pollutants into the water bodies without efficient waste 

management systems (Li et al., 2018b, Mani et al., 2019). Fig. 1.1 illustrated the discharged 

of residual dye from various manufacturing industries, such as textile, dyeing, paper and 

pulp, tannery and paint and dye manufacturers. In particular, the foremost contribution 

to dye wastewater pollution is from textile industrial effluent (54%), followed by 

dyeing industry (21%), and paper and pulp industry (10%). Scientific literature has 

reported that there are approximately 105 tonnes of dyes are discharged in effluent  

from textile industry worldwide annually (Ng and Leo, 2019, Pang et al., 2019).  

 

 

Fig. 1.1: Discharge of dye effluent from various manufacturing industries   

(Katheresan et al., 2018). 
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Synthetic dyes which are highly colored and visible can affect the photosynthetic function in 

aquatic life due to reduction in light penetration, and therefore affecting the food chains. 

Moreover, some dyes are recalcitrant, toxic, mutagenic, non-biodegradable, and tends 

to accumulate in living systems (Mani et al., 2019). The complicated chemical structures 

of dyes are also responsible for their transformation into harmful products when discharged 

into the environment. Thus, the emission of colored waste effluent to the environment without 

proper treatment could adversely affect the biodiversity of ecosystem and living organisms. 

Additionally, exposure to synthetic dyes can also cause risky side effects to human, such as 

allergy, dermatitis, skin irritation, headache, fever, and nausea (Arciniega Cano et al., 2016, 

Rovira and Domingo, 2018). Chronic exposure to hazardous dyes may damage and impair 

organs, lead to malfunctioning of the brain, kidney, reproductive, muscle, liver, and nervous 

systems (Chung, 2016, Khan and Malik, 2014).   

 

In the past decades, extensive conventional wastewater treatment technologies have 

been established for the removal of dyes from industrial effluents. For instance, 

adsorption, chemical oxidation, photocatalysis, ozonation, membrane filtrat ion, 

adsorption, Fenton reagent and electrochemical treatments (Husain et al., 2014, Khan 

et al., 2011, Khan et al., 2012b, Ahmed et al., 2017). However, these existing 

technologies are plagued with some drawbacks. They generally require high operating 

and maintenance costs, formation of toxic by-products and sludge, and poor 

operational stabilities (Katheresan et al., 2018). Besides, most of these methods have 

proven to be ineffective for treating dye pollutants or reduce the contamination level to an 

acceptable standard due to their complex aromatic structures (Gupta et al., 2013, Alkaim et al., 

2015). Thus, it is crucial to develop an effective, green and sustainable technology for 

industrial dye wastewater treatment.  

 

Among all the existing technologies, enzyme immobilization technology has emerge d 

as a promising alternative for the remediation of dye wastewater owing to its intrins ic 

properties (Vaghari et al., 2016, Huang et al., 2018). The primary advantages of 

enzyme immobilization method are superior catalytic efficiency and operational 

stabilities, promote enzyme recovery and reusability, as well as its biodegradability, 
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and environmentally friendly properties (Zdarta et al., 2018a, Eş et al., 2015). Owing 

to the high selectivity and specificity of plant peroxidase, a number of studies devoted 

to the application of this enzyme in the area of wastewater treatment have been 

reported earlier (Zhai et al., 2013, Wang et al., 2015b).  Plant peroxidase have been 

widely recognized as a promising candidate for the treatment of organic pollutants, 

particularly dye contaminants (Almaguer et al., 2018, Kalsoom et al., 2015)  Besides, 

peroxidase can easily be extracted from various types of plants, such as horseradish, 

soybean, turnip, ginger, bitter gourd, and jicama (Chagas et al., 2015, Husain and 

Ulber, 2011). Generally, the selection of suitable support material is crucial for 

achieving remarkable enzymatic performances. The most commonly used support 

materials are zeolite, clay minerals, kaolinite, silica gel, pillared clays, and activated 

carbon (Crini et al., 2019, Mo et al., 2018, An et al., 2015). 

Recent advancements in nano-biotechnology have opened a new opportunity for the 

development of nanostructured materials as promising and robust support materials.  

With the unique advantages of large surface to volume ratio, high porosity, and 

interconnected open pore structure, nano-structured support materials have 

demonstrated superior enzyme loading and catalytic efficiency as compared to bulk 

materials (Huang et al., 2018, Merker et al., 2018, Ramakrishna et al., 2018). In this 

regard, peroxidase-immobilized functionalized multi-walled carbon nanotube (f-

MWCNT) Buckypaper/Polyvinyl alcohol (BP/PVA) membrane was synthesized and 

employed for application in dye wastewater treatment in the present study. To develop 

a viable, promising and robust nano-biocatalyst, a wide range of physical, chemical, 

biological and physiological factors and conditions must be taken into considerations. 

Thus, in-depth studies on the structures, functions and behaviours of peroxidase 

immobilized on BP/PVA membrane support materials were performed. The 

biocompatibility of peroxidase with the BP/PVA membrane was investigated through 

characterization studies, using fluorescence microscopy, Field Emission Scanning 

Electron Microscopy (FESEM), Energy-dispersive X-ray (EDX) analysis, Fourier 

Transform Infrared Spectroscopy (FTIR), and Thermogravimetric Analysis (TGA).  

Besides, the synthesized peroxidase-immobilized BP/PVA membranes were then used 
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for the application in the removal of dye from aqueous solution. The potential 

application of JP-immobilized BP/PVA membrane in the multi-stage column system 

was also explored. Optimization processes for the dye removal performances of 

immobilized peroxidase for both batch and column systems were performed via 

Response Surface Methodology (RSM) by using Design of Experiment (DOE) 

software. Lastly, the reusability of immobilized peroxidase with well-maintained dye 

removal efficiency for each cycle was studied, and compared with BP/PVA 

membrane. 

 

Compared to conventional enzyme immobilization technologies, the integration of 

enzyme immobilization with nanocomposite membrane system offer more advantages, 

including higher enzyme loading capabilities, improved operational stabilities and 

enzymatic efficiencies, anti-fouling properties, prolonged membrane lifetime, ease of 

separation, and effective regeneration and reusability (Jochems et al., 2011, Miculescu 

et al., 2017). The application of immobilization of peroxidase on nanocomposite 

materials in wastewater treatment is expected to be a major breakthrough in future.   

 

 

1.2     Problem statements and research gaps 

Synthetic dye water are among the major pollutants that have been produced in large 

volume. The presence and accumulation of these carcinogenic and toxic dyes 

pollutants are posing serious threats to living species (Harikishore Kumar Reddy, 

2017, Ren et al., 2018a, Ren et al., 2018b). To date, various conventional wastewater 

treatment technologies have been developed, such as photocatalytic oxidation, 

flocculation, coagulation, electrolysis, membrane filtration and biological treatments 

(Bui et al., 2019, Rodriguez-Narvaez et al., 2017). Nonetheless, these methods have 

inherent undesired properties, such as low efficiency, poor stabilities, large energy 

consumptions, high operating and maintenance costs, incompleteness of purificat ion,  

as well as formation of harmful byproducts (Burakov et al., 2018, Crini and Lichtfouse, 

2019). Dye wastewater treatment is still a challenging problem as the complex 

chemical structures and non-biodegradable characteristics of dyes make them highly 
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resistant towards the light, microbial degradation, and oxidizing agents (Bui et al., 

2019, Rodriguez-Narvaez et al., 2017). 

The current trend of green and sustainable technologies has increased the 

implementation of enzymatic technology in industrial processes owing to its 

simplicity, high specificity and selectivity, economical, and eco-friendliness 

(Mohamad et al., 2015). Nonetheless, the commercialization of enzymatic treatment 

for application in industrial wastewater treatment is often hampered by their poor 

operating stabilities, lack of long term storage stabilities, susceptibility to enzyme 

inactivation, and also the inability for enzyme recovery and reusability (Bilal et al., 

2018a, Chatha et al., 2017). These limitations of free enzyme can be circumvented by 

enzyme immobilization methods. However, the use of immobilized enzymes for 

industrial applications are often restricted due to their shortcomings, such as mass 

transfer restriction, additional costs on materials, and difficulty in regeneration and 

reusability (Sigurdardóttir et al., 2018). 

In recent years, carbon nanomaterials, such as carbon nanotube (CNT), graphene, and 

graphene oxide (GO), have received increasing attention from various researchers as 

promising support material due to their extraordinary properties (Olafusi et al., 2019, 

Sharma et al., 2018b, Pathakoti et al., 2018). These nano-structured materials have 

large surface area to volume ratio, low mass transfer limitation, immensely porous and 

hollow structures, and exceptional physiochemical properties (Vaghari et al., 2016, 

Cipolatti et al., 2014). In spite of the superior properties of nanostructured as support 

materials, it is impractical to use nano-scale materials for scaling-up and industr ia l 

continuous operating systems (Zhu et al., 2018a). Their extremely small sizes resulted 

in difficulties for separation from the reaction medium for further recovery and 

reusability purposes (Muhulet et al., 2018, Miculescu et al., 2016, Yu et al., 2014). 

To address the current challenges, the present research work proposed the 

immobilization of peroxidase onto the functionalized MWCNT BP/PVA membrane 

surface via covalent bonding for dye wastewater treatment. To-date, there is no report 

on the immobilization of peroxidase on BP/PVA membrane. Therefore, 
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characterization studies of immobilized peroxidase on BP/PVA membrane were 

performed to facilitate in evaluating the biocompatibility of the enzyme and BP/PVA 

membrane. Among the various peroxidases families, plant peroxidase was selected 

due to its wide accessibility, low cost, and simplicity of enzyme extraction process 

(Almaguer et al., 2018, Baumer et al., 2018). In this study, jicama peroxidase (JP) was 

chosen as the enzyme owing to its high selectivity, high substrate specific ity, 

polyfunctionality and its availability from agricultural wastes (Chiong et al., 2016b, 

Jun et al., 2019a). As for the support material, BP-reinforced PVA membrane was 

synthesized from functionalized multi-walled carbon nanotubes (f-MWNCTs) into a 

macroscopic sheet, followed by filtering the membrane formed with PVA solution 

using vacuum infiltration method (Jun et al., 2019a). Besides, PVA was chosen as the 

reinforcement polymer since the hydroxyl groups in PVA can form strong hydrogen 

bonding with the hydrophilic surface of f-MWCNT (Yee et al., 2018, Yi et al., 2019). 

The previous studies also reported that the strong interfacial interaction between BP 

and polymer matrices causes them to exhibit exceptional physical properties and 

performances (Zheng et al., 2018, Xia et al., 2018). 

 

Furthermore, it was noted that there is very limited study of the enzyme immobiliza t ion 

technologies for dye wastewater treatment in column system. Most of the previous 

outcomes were demonstrated in batch laboratory scale processes. Consequently, they 

might not be effective or feasible for scaling-up and continuous operation systems as 

batch operation is only limited to the treatment of small amounts of wastewater. Hence, 

it is essential to investigate the feasibility of immobilized peroxidase for treatment of 

dye contaminants in column system, in order to examine its potential for long- term 

operational stabilities in industrial scale continuous application. The optimized 

operating data for the application of immobilized enzyme membrane in column system 

for dye removal is crucial for the scale-up of the system. The design parameter such 

as optimum flow rate, the ratio of hydrogen peroxide (H2O2) to initial dye 

concentration, and contact time will be used as a basis for large scale conceptual 

design. All the mentioned problem statements and research gaps will be addressed in 

the present work.      
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1.3     Research questions 

The research questions are listed below: 

(i) What are the optimum operating conditions, such as pH, initial enzyme

loading, and contact times for immobilization efficiency of peroxidase on

the BP/PVA membrane?

(ii) What is the characteristic of peroxidase-immobilized BP/PVA membrane

in terms of its structure, function, behaviour, and enzyme stability?

(iii) How do the operating parameters, such as pH, agitation speed, H2O2

concentration and contact time, affect the performance of peroxidase-

immobilized BP/PVA membrane for dye removal in batch process?

(iv) What are the optimum operating conditions, such as influent flow rate, ratio

of H2O2/dye concentration, and contact times, of the batch recircula t ion

peroxidase-immobilized BP/PVA membranes column system for dye

removal.

1.4     Thesis layout 

The thesis is organized into five chapters as outlined below. The structure of the thesis 

is graphically presented in Fig. 1.2.  

 Chapter 1 comprises of the background of the conventional dye wastewater

treatment methods. Besides, problem statement, research gaps, and research

questions are identified, from which the specific objectives of this research

work are developed. Also, the novelty, scientific merits, and significances of

this project are included.

 Chapter 2 provides a general overview of the existing technologies for dye

treatment, as well as their advantages and limitations. Enzyme immobiliza t ion

technologies, and the factors influencing their performance are also presented.
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Moreover, the existing application of immobilized peroxidases for dye 

wastewater treatment is also summarized.  

 
 Chapter 3 includes the materials and methodology of the research work. The 

detail description for each of the procedures are explained in this chapter, 

which includes the surface modification of MWCNT, synthesis of f-MWCNT 

BP/PVA membrane, immobilization of JP on BP/PVA membrane and its  

characterization studies. The optimization studies for dye removal using 

immobilized JP membrane under batch and column systems were also 

evaluated. 

 
 Chapter 4 elucidates the results and in-depth discussions of this research study, 

which include: 

- Functionalization and characterization studies of MWCNT. 

- Optimization study of immobilization efficiency of peroxidase on 

BP/PVA membrane. 

- Comparison of operational and storage stabilities of free and 

immobilized peroxidase. 

- Characterization studies of JP-immobilized BP/PVA membrane. 

- Optimization of batch MB dye removal using immobilized JP membrane.  

- Adsorptions studies of JP-immobilized BP/PVA membrane for dye 

removal. 

- Optimization of MB dye removal using immobilized JP in a customized 

multi-stage membrane glass column under batch recycled mode. 

 

 Chapter 5 draws a conclusion to summarize all the major findings from this 

research project. Besides, the recommendations for future research direction of 

peroxidase-immobilized BP/PVA membrane towards the further research are 

also provided. 
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Fig. 1.2: Thesis presentation. 
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1.5     Research objectives 

The primary objectives of this research are as follows: 

i. To synthesize the peroxidase-immobilized BP/PVA membrane and optimize 

the immobilization efficiency of peroxidase on the membrane support.  

ii. To characterize and evaluate the biocompatibility of peroxidase with BP/PVA 

membrane based on its structure, function and behaviour, as well as its enzyme 

stability. 

iii. To determine and optimize the performance of peroxidase-immobil ized 

BP/PVA membrane for batch dye treatment under specified operating 

parameters. 

iv. To investigate and optimize the performance of peroxidase-immobil ized 

BP/PVA membrane in the column system under batch recycled mode. 

 

 

1.6     Novelty  

To-date, limited studies have been carried out on the integration of both enzymatic and 

nano-membrane biotechnology through enzyme immobilization technique. So far no 

one has attempted to use BP/PVA membrane as support material of immobil ized 

peroxidase. Besides, the characterization studies and biocompatibility of BP/PVA 

membrane with enzyme has not been studied by other researchers. The novelty of this 

study involves the development of a promising peroxidase-immobilized BP/PVA 

membrane system which is anticipated to undergo adsorption, enzymatic reaction and 

separation simultaneously with superior efficiency. To the best of our knowledge, 

there is limited study on the incorporation of enzyme immobilization technologies for 

dye wastewater treatment application in a column system. An innovative multi-stage 

column apparatus had been designed and fabricated to investigate the performance of 

the immobilized peroxidase for dye removal in the column system. 
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1.7     Scientific merits and significances  

The implementation of peroxidase-immobilized BP/PVA membrane is expected to 

bring notable impacts for development of advanced wastewater treatment 

technologies. Compared to conventional enzyme immobilization technologies, the 

integration of immobilized enzymatic and nano-membrane technologies would 

improve the overall economic feasibility as it can offer a number of advantages. For 

instances, (i) superior mass transfer efficiency due to the porous structure and large 

surface-to-volume ratios of BP/PVA membrane; (ii) improved bioconversion 

efficiency of enzymatic reaction due to the higher enzyme loading capabilities of 

BP/PVA membrane; (iii) enhanced operational stabilities due to the exceptional 

physiochemical properties of BP/PVA membrane; (iv) ease of separation of the 

enzymes from reaction medium due to the attachment of immobilized enzymes on 

large macroscopic sheet of BP/PVA; (v) prolonged membrane lifetime due to the high 

anti-microbial and anti-fouling properties of BP/PVA membrane; (vi) provide 

effective regeneration and reusability of immobilized peroxidase; (vii) reduce the 

environmental issues by reducing the chemical and energy consumptions, and 

generation of wastes. 

 

Moreover, the findings of this research project could provide a solid basis for designing 

and developing an efficient column system for wastewater treatment process. Also, it 

can constitute useful insight and open opportunity for scaling-up peroxidase-

immobilized BP/PVA to membrane bioreactor for industrial applications due to its 

simplicity of design. Furthermore, the development of this innovative and potent 

technology has great potential as next-generation advanced wastewater treatment 

technology as it can eliminate wide-spectrum of organic, inorganic and biologica l 

pollutants at once, such as detergents, insecticides, oil, grease, dyes, heavy metals and 

phenol. Additionally, the successful commercialization of this technology would also 

provide opportunity to venture into other possible applications in many fields, such as 

food processing, biodiesel production, biomedical and pharmaceutical industries. This 

proposed work is, therefore, expected to have great impact and breakthrough on future 

research work related to the immobilization of enzymes for various applications. 
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CHAPTER 2  

LITERATURE REVIEW 

 

 

2.1     Current technologies for dye treatment 

Synthetic dyes are among the largest contributors to environmental pollution due to the rapid 

development in textile, plastics, pharmaceutical, food and cosmetic industries (Zare et al., 

2015). Over the past few decades, an extensive range of physiochemical technologies 

have been established for treating dyes from aqueous solutions, such as oxidation, 

electrolysis, membrane filtration, adsorption, microbial and enzymatic treatment 

methods. Fig. 2.1 illustrated the classification of current dye wastewater treatment 

technologies. 

 

 

Fig. 2.1: Classifications of treatment methods for dye effluents (Jun et al., 2019b). 
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However, most of the conventional wastewater treatment methods have difficulty in treating 

dye pollutants due to their complex aromatic structures, highly variable and hydrophilic nature 

(Ahmad et al., 2015). Several studies have reported that most of the existing technologies 

exhibited several shortcomings. Chemical treatment methods, including oxidation, 

ozonation, and electrolysis, inherent undesired properties, such as high cost, 

incompleteness of purification, formation of harmful byproducts, and low stability  

(Katheresan et al., 2018, Pavithra et al., 2019). On the other hand, physical treatment 

methods, such as adsorption and membrane filtration methods, lead to secondary waste 

streams, which require higher operational costs for further treatments. In addition, the 

extensive use of coagulation techniques result in generation of large quantity of sludge 

(Singh et al., 2015).  

 

As compared to physio-chemical technologies, biological protocols are recognized as 

viable and cost-effective alternatives for treatment of industrial wastewaters (Villegas 

et al., 2016, Chiong et al., 2016c, Valero et al., 2015). Besides, biological technique is 

favourable for pilot scale treatment of dye waste effluent due to its effectiveness in 

transforming the contaminants into non-toxic products (Katheresan et al., 2018, 

Oliveira et al., 2020). One of the biological methods for dye wastewater treatment is 

microbial degradation. This approach involves in biodegradation via aerobic, 

anaerobic or combined aerobic-anaerobic processes by utilizing microbes, bacteria, 

fungi, yeast, and algae. However, microbial degradation treatment methods have their 

own limitations in the form of slower microbial degradation rate, longer 

acclimatization phase, inability to treat high concentration pollutants, production of 

sludge, and frequent maintenance requirement (Pradeep et al., 2015, Grandclément et 

al., 2017, Berkessa et al., 2020). Therefore, a lot of recent efforts have been centered 

on the development of simple and cost-effective alternative for wastewater treatment 

application. 2.1 illustrated the comparison of the characteristics of different dye 

wastewater treatment technologies.  
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Table 2.1: Comparison of the characteristics of different dye wastewater 

treatment technologies (Mohamad et al., 2015). 

Characteristics Chemical Physical Biological 

Efficiency Moderate to high High High 

Cost of materials High Moderate to high Low 

Disposal problems Yes Yes No 

Eco-friendliness No No Yes 

Formation of harmful 

byproducts 

Yes No No 

  

 

Among all the existing technologies, the enzymatic approach has better prospects in 

terms of high specificity and selectivity, environmental friendly and biodegradability 

(Gholami-Borujeni et al., 2011b). It is also effective over an extensive range of pH, 

temperature, enzyme and substrate concentrations. Numerous researchers have 

reported the removal of dye effluents by using a wide variety of enzymes, such as 

glucose oxidase, catalase, laccase, azoreductase, tyrosinase and peroxidases (Mishra 

and Maiti, 2019, Zhou et al., 2016, Alneyadi et al., 2018, Kulkarni et al., 2018). Unlike 

chemical catalysts, enzymes possess high efficiencies in converting complex chemical 

structure under mild reaction conditions (Singh et al., 2015). Besides, enzymatic 

treatment is preferable as it is readily available and it can be extracted easily from 

living plants and agricultural wastes. Thus, it does not involve high upfront capital 

costs as compared to other traditional technologies. 

 

Nevertheless, enzymatic treatment has some drawbacks due to the poor characteristics of free 

enzyme, such as their low storage stability, poor operational stabilities, as well as 

difficulty in recovery and reusability of enzymes (Holkar et al., 2016, Dwevedi, 

2016b). A promising approach to overcome the above mentioned drawbacks is to 

immobilize enzyme onto support materials. As compared to free enzymes, 

immobilized enzymes have more advantages, such as higher enzyme catalytic 
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efficiency, enhanced pH and thermal stabilities, as well as improved storage stabilit ies 

(Bayramoglu et al., 2017, Homaei and Etemadipour, 2015, Jiang et al., 2015). In 

addition, it can reduce operating costs by reducing the amount of enzyme required due 

to its longer life span and the reusability of enzyme (Shahrestani et al., 2016, Yen et 

al., 2016).  

 

  

2.2     Peroxidases-based enzyme for dye treatment 

Peroxidases are widely used in diverse industrial applications due to their attractive 

biocatalyst properties, such as easily availability, broad substrate specificity and high 

stability (Husain and Ulber, 2011, Rao et al., 2014). They are oxidoreductive enzymes, 

derived from animals, plants, fungi and microorganisms. Peroxidases can oxidize a 

broad range of aromatic contaminants, such as dyes, phenols, anilines and heavy metal. 

Peroxidase enzyme acts in the presence of hydrogen peroxide (H2O2) to catalyze one-

electron oxidation of the aromatic substrate (AH2). The aromatic structure then transfer 

hydrogen atoms and electrons to H2O2, resulting in the formation of water and oxidized 

organic substrates (A2). The overall peroxidase-catalyzed reaction is shown in 

Equation (2.1). 

𝟐𝑨𝑯𝟐+2𝑯𝟐𝑶𝟐   −−−−    
→      𝑨𝟐+ 𝟒𝑯𝟐𝑶 (2.1) 

 

Based on the differences in structure and catalytic properties, peroxidases can be 

categorized into two superfamilies, which are animal peroxidases and plant 

peroxidases. Plant peroxidases have been extensively studied as a useful tool for 

bioremediation of industrial waste (Silva et al., 2016, Husain, 2019, Bilal et al., 

2018b). The plant peroxidase superfamily can be further subcategorized based on its 

primary structures and origins. Class I, the intracellular peroxidases, consist of 

bacterial catalase peroxidases and ascorbate peroxidase. Class II includes extracellular 

fungal peroxidases, such as secretory fungal peroxidases. Lastly, Class III constitutes 

of secretory plant peroxidases, including horseradish peroxidase (HRP), soybean 

Peroxidase (SBP), turnip peroxidase (TP), bitter gourd peroxidase (BGP), potato pulp 

peroxidase, and ginger peroxidase. The classification of plant peroxidases is shown in 

Table 2.2. 
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Table 2.2: Classification of plant peroxidases superfamily (Lazzarotto et al., 2015) 

Class Member  

(EC number) 

Origin Industrial  

Applications 

I 

 

Cytochrome c peroxidase   

(EC 1.11.1.5) 

Catalase-peroxidase  

(EC 1.11.1.6) 

Ascorbate peroxidase  

(EC 1.11.1.11) 

Yeast, bacterium 

 

Bacterium, 

fungus 

 

Plant 

 Bioremediation 

II Manganese peroxidase  

(EC 1.11.1.13) 

Lignin Peroxidase  

(EC 1.11.1.14) 

Fungus  

 

Fungus  

 Pulp and paper 

manufacture 

 Bioremediation  

III Peroxidase  

(EC 1.11.17, POX) 

Plant  Biosensor, 

 Analytical and 

diagnostic kits 

 Bioremediation 

 

 

For Class II peroxidases, fungal peroxidases such as lignin peroxidase (LiP) and 

manganese peroxidase (MnP) have been used for the treatment of dyes and phenolic 

wastewater (Sen et al., 2016, Mahmood et al., 2016). However, there is limited report 

on the continuous and large-scale application of Class II peroxidases, mainly due to 

their cost ineffectiveness, and the fact that they necessitate high costs for producing 

microbial cultures (Husain and Ulber, 2011). According to Valero et al. (2015), the 

growth of microbial culture is often suppressed by the inhibitors present in the effluent, 

thus resulted in low enzymatic activities. Moreover, the slow growth phase of the 

organism led to the treatment of dyes and phenols using fungal peroxidases required a 

long reaction time to complete the degradation process, as lengthy time is required for 

the growth phase of the organism  (Meerbergen et al., 2018, Shahadat and Isamil, 

2018). 
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Among all peroxidases, Class III plant peroxidase has received great attention for 

application in wastewater treatment due to its low cost, broad availability, eco-friendly 

nature, and high degrees of specificity (Kalsoom et al., 2015, Chiong et al., 2016c). 

Specifically, the use of HRP for application in wastewater treatment has been well 

documented (Besharati Vineh et al., 2018a, Kumar et al., 2016, Pradeep et al., 2015). 

Studies have shown that HRP can effectively precipitate a wide variety of organic 

compounds, aromatic compounds and recalcitrant contaminants, such as dyes and 

phenolic compounds, in the presence of H2O2. HRP has been used extensively in 

wastewater treatments as it offers longer shelf life, stability and also retains enzymatic 

activity over a broad range of temperature and pH (Farias et al., 2017, Mohamed et al., 

2016, Zhang et al., 2016). 

Past research has devoted much effort in identifying versatile peroxidases from a 

variety of sources to increase catalytic efficiency and cost effectiveness. Based on the 

critical literature review, SBP is contemplated as a viable substitute for HRP, owing 

to its broad availability and lower costs, as compared to HRP (Kamal and Behere, 

2008). In addition to HRP and SBP, some other sources of plant peroxidases such as 

turnip, bitter gourd, tomato, ginger, and potato pulp, have been employed for 

application in wastewater treatment (Almaguer et al., 2018, Chiong et al., 2016c, 

Baumer et al., 2018). 

2.3     Immobilization of peroxidases 

Despite of the unique properties of peroxidases, the commercialization of enzymatic 

treatment for application in industrial wastewater treatment is often hampered by their 

lack of long term operational and storage stability, and also the inability for enzyme 

recovery and reusability. The major challenges associated with enzymatic process are 

deactivation of the biocatalyst and enzyme inhibitions (Wong et al., 2019). Enzyme 

deactivation is mainly caused by denaturation of enzyme under extreme process pH or 

temperature, which leads to alteration of enzyme active site conformation. The enzyme 

cannot catalyze a reaction when its active site is denatured and its functional shape is 
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lost. Besides, enzyme inhibition will also lead to short enzyme lifetime, difficulty in 

enzyme recovery and cause significantly elevated operating costs. Generally, 

inhibitors may act in two different ways, particularly competitive and non-competit ive 

inhibitions. For competitive inhibitions, inhibitors compete with substrates to bind to 

the same enzyme active sites. Alternatively, non-competitive inhibitors bind to 

allosteric site, thereby resulting in conformational changes in the enzyme active site, 

eventually causing the enzyme to become deactivated. The mechanisms of normal 

enzymatic reaction and enzymatic inhibitions are demonstrated schematically in Fig. 

2.2. 

 

Fig. 2.2: Diagram of the normal enzymatic reaction and enzymatic inhibitions 

mechanisms (Jun et al., 2019b). 

 

Nevertheless, these limitations can be overcome through enzyme immobiliza t ion 

(Chagas et al., 2015, Wong et al., 2019). Recent years, attention has been devoted to 

immobilization of peroxidase to stabilize enzymes, suppress enzyme inactivat ion, 

enhance enzymatic activity, and/or reduce susceptibility to microbial contamina tion 
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(Oliveira et al., 2018, Bilal et al., 2016b, Yu et al., 2019). Enzyme immobilization is 

defined as the attachment of soluble enzymes to an inert, insoluble support material 

resulting in reduction or loss of enzyme mobility. Today, enzymatic immobiliza t ion 

technology has gained recognition globally for their widespread industrial applications 

in various fields, such as food processing, biomedical, environmental, biosensor, and 

biodiesel production (Wang et al., 2019c, Nadar and Rathod, 2018, Adeel et al., 2018a, 

Basso and Serban, 2019). According to Longoria et al. (2010), enzyme immobiliza t ion 

may limit the enzymatic performance, due to the conformational changes of enzymatic 

structure, steric hindrance and mass transfer limitations . However, for peroxidases, 

improvement in terms of enhancement of enzymatic efficiency and stability, as well 

as enzyme reusability, may balance off the loss of enzymatic activity (Datta et al., 

2013). This justifies the extensive implementation of immobilized peroxidases in 

wastewater treatment applications (Varga et al., 2019). 

 

Numerous researchers have reported the successful immobilization of enzymes onto 

the organic and inorganic support materials, such as proteins, polymers, glass beads 

and metals (Zdarta et al., 2018b, Husain, 2019). Contrary to the free enzymes, 

immobilized enzymes can offer more advantages, including higher catalytic 

efficiencies, enhanced enzyme stabilities under storage and operational conditions, 

improved enzyme recovery and reusability (Ding et al., 2015).  

 

 

2.4     Factors influencing the performances of immobilized enzymes 

There are several parameters which can affect the catalytic activity of an immobil ized 

enzyme, particularly the selection of support material, immobilization technique, and 

operating conditions (Datta et al., 2013, Sirisha et al., 2016b). Thus, it is essential to 

immobilize enzymes on appropriate support materials by suitable immobiliza t ion 

methods in order to fully exploit its advantages for wastewater treatment. The 

biocatalytic performance of immobilized enzymes can be assessed based on their 

enzymatic activity, selectivity, recovery, reusability, operational stability and storage 

stability (Guzik et al., 2014). Many techniques have been established for 

immobilization of enzymes, and each of them has their own merits and demerits. In 
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this section, a critical review on the factors influencing the performances of 

immobilized enzymes was highlighted.  

 

2.4.1     Effect of support material 

Support material serves as an important role in catalytic efficiency of immobil ized 

enzyme technology. The microenvironment of the support material can affect the 

performances of immobilized enzyme (Brena et al., 2013). For instance, it may 

influence the physical and chemical structures of the support, the interaction nature 

between an enzyme and its carrier, the binding positions, and also the number of bonds. 

Support materials used should be easily available, economical and eco-friendly 

(Rodrigues et al., 2013). Ideal support material properties include enhanced catalytic 

efficiency and operating stability, insolubility, non-toxicity, as well as resistance to 

extreme process conditions and microbial attacks (Hartmann and Kostrov, 2013, Datta 

et al., 2013). There are various types of supports, which can be categorized as organic 

and inorganic support based on their chemical composition. They can be further 

classified into natural and synthetic supports. The classification of organic and 

inorganic supports is shown in Fig. 2.3. 

 

 

Fig. 2.3: Classifications of organic and inorganic supports (Jun et al., 2019b). 
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The most commonly used organic natural polymers as support material for enzyme 

immobilization are water-insoluble polysaccharides, such as chitin, collagen, cellulose 

and chitosan. For instance, Chagas et al. (2015) demonstrated the immobilization of 

SBP on chitosan beads cross-linked with glutaraldehyde for the removal of phenolic 

compounds from effluent. Chitosan is chosen as support materials owing to its eco-

friendly, non-toxic, low cost, biodegradable and good biocompatibility with enzymes. 

As compared to the free enzyme, results showed that the immobilized SBP on chitosan 

exhibited improved enzymatic activity, resistance to chemical degradation and 

resistance to microbial attack. Moreover, Bilal et al. (2016a) also reported that the 

immobilization of manganese peroxidase on chitosan beads displayed an improvement 

in operational and storage stabilities over free enzyme. However, they have poor 

mechanical stability due to their hydrophobicity and weak binding interactions with 

enzymes.  

 

On the other hand, a wide variety of organic synthetic polymers have been employed 

as supports of immobilized enzymes, such as polystyrene, polyacrylate, 

polyacrylamide, and polyamides and vinyl (Liu et al., 2018, Zhu et al., 2018c). For 

instance, Arslan (2011) reported that the immobilization of HRP onto Polyethylene 

terephthalate (PET) fibers. PET fibers exhibited in attractive characteristic features, 

such as large surface areas, cost effectiveness, good mechanical rigidity, enhanced 

thermal and storage stability, reduced susceptibility to microbial attacks and allow 

reusability. According to Miletic et al. (2012), synthetic polymers may permit the 

modifications of surface characteristics through polymerization of desirable functiona l 

groups in order to obtain superior carrier properties. Wang et al. (2016a) demonstrated 

the immobilization of HRP on modified polyacrylonitrile beads with sodium chloride, 

hydrogen chloride, ethylenediamine, chitosan and glutaraldehyde, respectively. These 

immobilized enzymes displayed significant enhancement of enzymatic properties and 

performances as compared to free enzymes. In spite of these advantages, they suffer 

from several limitations, such as weak binding, lack of diffusability, high costs, 

tendency to swell, and low mechanical and thermal stabilities (Sekuljica et al., 2016).  
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According to Grigoras (2017), inorganic supports demonstrate greater stabilities than 

organic supports due to their higher resistance to extreme operating conditions. 

Therefore, inorganic supports are more favourable than organic supports for the real 

life applications. Inorganic natural mineral that is generally used as support material 

for enzyme immobilization are clay, celite, kaolin and silica. Sekuljica et al. (2016) 

reported the immobilization of HRP on kaolin showed greater stability than organic 

supports due to their higher physical strength, high resistance to microbial attack, as 

well as resistance to reaction conditions, such as extreme pressure, temperature and 

pH. In the study of Kim et al. (2012), the immobilization of HRP onto fulvic acid-

activated clays showed high enzymatic activity for the removal of phenol from 

wastewater. Moreover, these inorganic natural supports are cheap, eco-friendly and 

exhibit high thermal and mechanical stabilities. Nevertheless, the use of inorganic 

supports might cause abrasion in stirred vessels (Longoria et al., 2010). 

 

On the other hand, inorganic synthetic mineral, such as glass bead, metal and metal 

oxides, have been widely used as support to immobilize enzyme. Nowadays, 

nanostructured materials, such as nanoparticles, nanocomposites and carbon 

nanotubes, have attracted considerable attention for their suitability as support 

materials for immobilization of enzymes. Undoubtedly, nanostructured materials serve 

as robust and promising support materials owing to their ideal characteristics, such as 

large specific surface area, enhanced catalytic activity, and improved thermal and 

mechanical stabilities (Ding et al., 2015). For instance, Mohamed et al. (2017b) studied 

and compared the enzyme activities of immobilized and soluble HRP on Fe3O4 

magnetic nanoparticles. The studies showed that immobilized enzymes can exhibit 

higher enzymatic activities, improved thermal and pH stabilities, and resistance to 

microbial attacks as compared to free enzymes. 
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2.4.2     Effect of immobilization techniques 

The technique for enzyme immobilization is one of the critical factors that can affect 

the performance of immobilized enzyme. Many techniques have been established for 

immobilization of enzymes, and each of them has their own merits and demerits. Fig. 

2.4 illustrated the most commonly used techniques for immobilization of enzymes on 

solid support. 

 

Fig. 2.4: Enzyme immobilization techniques (Jun et al., 2019b). 

 

Physical adsorption is recognized as one of the simplest reversible immobiliza t ion 

methods, which can be conducted under mild conditions. The enzyme is physically 

adsorbed or attached onto the carrier surface via weak forces, such as ionic interaction, 

hydrogen bonds and Van der Waals interaction. Adsorption method is commonly used 

due to its low cost, ease of preparation, and no mass transfer restriction (Jesionowski 

et al., 2014, Sirisha et al., 2016a). Adsorption process is usually involved in the 

immersion of the support material with enzyme solution for a certain period of time, 

followed by the removal of unbound enzyme from the support material by rinsing with 

buffer solution. In the studies of immobilized laccase on carbon nanomaterials by Pang 
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et al. (2015), the adsorption immobilization method was more favourable than covalent 

bonding method, as it will not cause alteration or destruction of enzyme active sites 

conformation. However, the major drawback of this method is enzyme leakage, which 

is attributed to the weak physical bonding between the enzyme and the carrier (Bilal 

et al., 2019b). Besides, another disadvantage of adsorption method is related to the 

poor operational stability of the adsorbed enzymes. This might cause the denaturation 

of enzymes under harsh operating conditions due to the formation of weak bonding 

between enzyme and support (Jesionowski et al., 2014).  

 

Among all enzyme immobilization methods, covalent bonding is one of the most 

extensively used enzyme immobilization methods. The effective covalent coupling 

process can be achieved via surface modification of carrier support with cross-linking 

agent, such as glutaraldehyde. This method involves the formation of covalent bonds 

through chemical reactions between the support materials and the amino acids groups 

of enzymes, such as cysteine (thiol), lysine (amino), and glutamic acids (carboxylic). 

These functional groups are favourable for the formation of strong covalent bonding 

between the enzyme and carrier, thus it can prevent desorption and leakage of enzyme 

from its support materials (Singh et al., 2011). Besides, covalent bonded enzyme has 

exceptional enzyme stabilization and high resistance to extreme operating conditions 

(Hettiarachchy et al., 2018). Bilal et al. (2016c) reported that HRP which was 

covalently immobilized on calcium alginate support, exhibited enhancement in 

enzyme catalytic efficiency, and enzyme stabilities compared to its free counterpart. 

In general, the major disadvantage of this method is attributed to the alteration and 

destruction of enzyme active conformation during the immobilization reaction, 

resulting in major loss of enzymatic activity (Secundo, 2013). 

 

In addition, entrapment is an irreversible immobilization method, in which the 

enzymes are physically occluded in polymeric networks. The commonly used matrixes 

for entrapment are organic supports such as polyacrylamide, polysaccharides, 

polyurethane, collagen, chitosan, carrageenan, polymer, calcium alginate, and gelatin 

(Datta et al., 2013). In this method, enzymes are retained in the network, while the 

products and substrates are permitted to pass through. Thus, the operational stabilit ies 
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of enzyme are greatly enhanced, and the leaching of enzymes is minimized. Besides, 

the encapsulated enzymes are protected from enzymatic denaturation under harsh 

conditions (Iqbal and Asgher, 2013, Irshad et al., 2012, Matto et al., 2009, Satar and 

Husain, 2011). Despite of these merits of entrapment method, it is not widely 

applicable for industrial scale applications today owing to its shortcomings (Dwevedi, 

2016a). One of the major drawbacks is the mass transfer limitations, which prevent the 

macromolecular substrate from passing through the networks to the enzyme active 

sites (Gorecka and Jastrzębska, 2011).   

 

Cross-linking, which is also known as copolymerization, is the another irrevers ib le 

enzyme immobilization method, whereby there is no matrix or support involved. 

Typically, this method involves the formation of intermolecular cross-linkage between 

the enzyme molecules by polyfunctional reagents. The commonly used polyfunctiona l 

reagents are glutaraldehyde, isocyanate, and diazonium salt (Yamaguchi et al., 2018). 

The advantages of cross-linking method are improve enzyme reusability and stabilit ies  

(Yusof and Khanahmadi, 2018). For instance, Sun et al. (2017) studied the 

immobilization of HRP cross-linked on zinc oxide (ZnO) nanowires/macroporous 

silicon dioxide (SiO2) nano-composite support by using diethylene glycol diglyc idyl 

ether. The complex formed demonstrated improved catalytic activity and reusability, 

as well as high resistance to microbial attacks. However, the practical implementa t ion 

of this method is limited as it has high preparation costs and difficulties in reaction 

control. Moreover, another drawback is the loss of catalytic properties due to enzyme 

denaturation during cross-linking process (Liu et al., 2018).  

 

Furthermore, encapsulation method is performed by enclosing the enzymes in 

selectively permeable membranes, such as nitrocellulose or nylon. Encapsulat ion 

method is widely used for application in biomedical, food, detergents, wastewater 

treatment sectors (Madhu and Chakraborty, 2017). Generally, encapsulation is a 

simple and low cost immobilization method which can enhance the enzymatic activity 

as there is large contact surface between enzyme and substrate (Park et al., 2010). The 

encapsulation method used to immobilized SBP on semi-permeable alginate 

membrane studied by Rezvani et al. (2015) showed that the immobilized enzymes 
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displayed better enzymatic performance than free enzyme for phenol elimination from 

wastewater. However, one of the limitations of this method is caused by the enzyme 

leakage problem. It also requires a large amount of substrate due to pore size 

limitations which may restrict the large substrate molecule to cross the membrane 

(Nisha et al., 2012). 

 

Table 2.3 illustrates the summary for the advantages and disadvantages of different 

enzyme immobilization methods. There are many immobilization methods, coupled 

with a broad range of supports have been established. Nonetheless, currently there are 

still no single rules for determining the best immobilization method and support for a 

given application. All of the established methods have their own advantages and 

limitations. The immobilization technique and support material used should be chosen 

based on the substrates and product properties, enzyme composition, and chemical 

characteristics. Thus, trial and error process can be performed in order to obtain the 

optimal immobilized enzyme and support with superior enzymatic activity, 

operational stability and durability for a chosen enzymatic treatment technique 

(Moehlenbrock and Minteer, 2017). 
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Table 2.3: Benefits and drawbacks of various immobilization methods (Jun et al., 

2019b). 

 

Techniques Advantages Disadvantages 

Adsorption  Easy to carry out 

 Low cost 

 No pore diffusion 

limitation 

 Enzyme leakage 

 Enzyme desorptoin 

 Low stability 

 Less efficiency  

Covalent 

binding  

 High catalytic efficiency 

 High stability  

 Suitable for continuous 

reaction 

 No enzyme leakage  

 High processing cost  

 Loss of enzyme functional 

conformation  

 

Entrapment  Wide applicability  

 Low enzyme quantity 

required 

 High stability 

 Minimize leaching of 

enzymes. 

 Pore diffusion restraint 

 Low enzyme loading 

 Not suitable for large scale 

or industrial process 

Cross-linking   Resistance to extraordinary 

pH and temperature 

circumstances 

 Durable 

 Improve reusability and 

stability 

 High cost 

 Difficult reaction control 

 Large enzyme quantity 

required 

 Loss of catalytic properties 

Encapsulation  Large enzyme quantities 

may be immobilized 

 Easy preparation 

 Low cost 

 Mass transfer limitation 

 Leakage of enzyme 

 High enzyme concentration 

required 
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2.4.3     Effect of operating conditions 

In this section, the effect of operating conditions, such as pH, temperature, enzyme and 

substrate concentrations, on the performances of enzymes were discussed. Various 

studies have reported that immobilized enzymes can exhibit over an extensive range 

of pH as compared to free enzymes (Bilal et al., 2016a, Yu et al., 2019). For instance, 

the study by Matto and Husain (2009) discovered that the immobilized TP on Con A 

wood shaving can achieve higher dye decolourization as compared to the free enzyme 

for a wide range of pH conditions. The immobilized TP can remove 85% mixture of 

direct dyes, while free enzyme can only remove 55% of dyes. The range of optimum 

pH for immobilized enzymes is commonly between pH 5 to pH 7. In general, a 

significant reduction in enzymatic activity of free enzymes can be observed in extreme 

acidic and alkaline district. Extreme pH might cause the change of the enzyme 

structures and breaking of intramolecular or intermolecular bonds, resulting in a 

decrease in enzymatic efficiency. Past studies have shown that enzyme immobiliza t ion 

can provide protection and stabilization for the enzymes from denaturation at extreme 

pH, due to the stronger intramolecular forces between enzymes and supports (Minteer, 

2017, Sharma et al., 2018a). Thus, immobilized enzymes are more favourable than 

free enzymes for the application in real industrial wastewater as the real wastewater 

has pH slightly acidic and slightly basic (Zhang et al., 2013a). 

 

Additionally, the performance of both free and immobilized enzymes may be greatly 

influenced by temperature. As the temperature rises, the kinetic energy between the 

molecules also increases, causing the enzymatic activity to be increased. Unlike free 

enzymes, immobilization of enzymes preserved the enzymatic activity over a wide 

range of temperature, and also showed a significant enhancement on thermal stability 

(Mehta et al., 2016). The study of the immobilization of HRP on calcium alginate gel 

beads by Gholami-Borujeni et al. (2011a), reported that the immobilized HRP can 

exhibit a broader range of temperatures as compared to free enzymes. It might attribute 

to the strong bonding between enzymes to its support which provide resistance to 

conformational changes and denaturation of enzymatic structure under extreme 

conditions (Kim et al., 2016). Many researchers have reported the ranges of optimum 

temperature for immobilized enzymes are generally between 25 ºC to 40 ºC (Lu et al., 
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2017, Chiong et al., 2016c, Jun et al., 2019a). Based on the studies by Matto and 

Husain (2008), both free enzymes and immobilized tomato peroxidases started to lose 

their catalytic activity after its optimum conditions of 40 ºC. This might be due to the 

denaturation of enzyme active sites due to the high temperature (Arslan, 2011). 

Nevertheless, the catalytic efficiency of immobilized tomato peroxidases was higher 

than the free enzymes at all ranges of temperatures.  

2.5     Carbon nanostructured materials 

In the past decades, carbon nanomaterials (CNMs) have received immense attention 

from researchers as new generation materials owing to their unique physicochemica l 

properties (Verma et al., 2019, Erol et al., 2018). A wide range of application 

possibilities has been explored with CNMs, such as their use in pharmaceutica l, 

medicine, biosensor, bioremediation, biofuel cell development, agriculture and food 

processing industries (Lin et al., 2014, Machado et al., 2015, Yang et al., 2019). 

Ideally, the support material for enzyme immobilization should be non-toxic, large 

surface area for effective enzyme loading, provide mass transport with minimum 

diffusional resistance, and high resistance to extreme operating conditions to prevent 

enzyme denaturation (Arsalan and Younus, 2018). Carbon nanomaterials are widely 

recognized as an effective and promising support for enzyme immobilization (Bilal et 

al., 2018d). This is because these nanostructured materials possess extraordinary 

thermal, chemical, and mechanical properties (Mousavi and Bahari, 2019). Moreover, 

the large surface-to-volume ratio, as well as highly porous and hollow structures of 

CNMs have made them highly attractive as support material for enzyme 

immobilization (Vaghari et al., 2016, Cipolatti et al., 2014). In addition, the surface 

properties of the CNM materials can be engineered and tailored easily according to the 

application required (Hola et al., 2015).  

Nanostructured materials are materials with particle size with one dimension at least  

less than 100 nm. Generally, CNMs can be categorized into several classes based on 

their shapes and number of dimensions. For instance, zero-dimensional (0-D), one-

dimensional (1-D), two-dimensional (2-D) and three-dimensional (3-D). 0-D 
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nanomaterials exhibit in spherical and clusters forms, such as fullerene, gold and silver 

nanoparticles. Besides, 1-D nanomaterials show in tube, wire, fiber or rod forms, for 

example carbon nanotube (CNT). Moreover, 2-D nanomaterials are in films or sheets 

forms, such as graphene or graphene oxide (GO). Furthermore, 3-D nanomaterials are 

in 3-D structure, such as diamond and graphite. Fig. 2.5 displayed the types of 

nanomaterials in various dimensions.  

 

Fig. 2.5: Type of carbon nanomaterials with different dimensions (Jun et al., 

2018a). 

 

2.5.1     Functionalized carbon nanotube as adsorbents 

In general, adsorption is also one of the favourable wastewater treatment methods due 

to its low cost, simplicity, low energy consumption and ease of operation 

(Anastopoulos et al., 2018, Afroze and Sen, 2018). Recent years, CNM has received 

special attention from various researchers as promising adsorbent for wastewater 
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treatment application owing to their unique morphological and structural properties 

(Jia and Wei, 2019, Imtiaz et al., 2018). Among the carbon-based nanomateria ls, 

carbon nanotube (CNT) has emerged as one of the most studied adsorbents, 

particularly for removal of dye pollutants from wastewater (Azevedo et al., 2015, 

Chaturvedi et al., 2020).  The discovery of the CNT in 1991 by Iijima (1991) brought 

revolutionary changes in the field of nanomaterials during the last decade. CNT is best 

described as graphitic carbon sheets rolled into hollowed cylinders with nanometer-

scale diameters.  The most common methods used for CNTs synthesis are arc 

discharge, laser ablation and chemical vapour deposition (CVD) (Vajtai, 2013). CNT 

can be categorized into two main families, which are single-walled nanotube 

(SWCNT) and multi-walled nanotube (MWCNT). SWCNT is made from a single 

layer of the graphene sheet, whereas MWCNT is described as multiple concentric 

cylinders of carbon atoms. In this research work, MWCNT is chosen due to its ease of 

preparation, good dispersibility and lower cost compared to other nanomaterials (Khan 

et al., 2016).  

 

Despite of the unique properties of MWCNT, the chemical inertness and amphiphob ic 

nature of as-synthesized MWCNT has impeded the realization of full potential towards 

a variety applications (Saifuddin et al., 2012, Baishya and Maji, 2016). The poor 

solubility properties of pristine MWCNTs make them difficult to be dispersed and 

dissolved in most solvents. Moreover, the self-aggregation among the MWCNT 

tubules is also one of the major problems that lower the sorption affinity and 

performances of MWCNT. These limitations are primarily due to the strong Van der 

Waals forces and the hydrophobic nature of pristine MWCNT (Patiño et al., 2015, De 

Menezes et al., 2018). Additionally the impurities produced during the synthesis of 

MWCNT can also limit the available adsorption sites, and therefore affect their 

adsorption performances (Shamsuddin et al., 2011).  

 

To address these limitations, surface modification of MWCNT is necessary to fully 

take advantage of their unique properties by altering its surface properties (Yin et al., 

2017). The recent exponential growth in the development of surface modified CNT 

has drawn widespread attention among researchers due to its potential benefits 
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(Merum et al., 2017). Functionalized MWCNT (f-MWCNT) exhibited extraordinary 

mechanical strength, exceptional thermal properties, and high resistance to acidic and 

basic media (Cheng et al., 2017, Xu et al., 2018). These desirable properties make 

them suitable for the application in wastewater treatment (Fiyadh et al., 2019, Lee et 

al., 2018). Numerous studies have reported that f-MWCNT have better adsorption 

performance than the conventional adsorbents, such as clay minerals, kaolinite, wood, 

fly ash, and biomass (Zhou et al., 2019, Dhillon and Kumar, 2019). Their high surface 

to volume ratio, uniform pores distribution and highly porous and hollow structures 

make them good candidate as promising adsorbents for removal of organic pollutants 

and dyes from wastewater (Guo et al., 2019, Noorimotlagh et al., 2019, Wang et al., 

2019b). Moreover, the introduction of various functional groups on the surface of CNT 

can further enhance the adsorption capabilities of the pollutants (Sophia A and Lima, 

2018). There were several researchers reported the studies on the combination of f-

MWCNT with magnetic nanoparticles, such as magnetic silica, and magnetite Fe3O4 

particles, for the preparation of new generation adsorbents (Yang et al., 2018, Zhang 

et al., 2019, Deng et al., 2019). These nanocomposite adsorbents demonstrated great 

mechanical strength and magnetic properties, which facilitate their separation from 

aqueous environments. A brief summary for application of functionalized CNT for 

removal of dyes pollutants from wastewater was shown in Table 2.4. 
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Table 2.4: Removal of dye pollutants using different type of functionalized CNMs adsorbents. 

Adsorbent Dye 

Pollutants 

Surface 

area 

(m2/g) 

Adsorption 

capacity, qt 

(mg/g) 

Removal 

percentage 

(%) 

Remarks Ref. 

Oxidized SWCNT Basic red 46 

(BR 46) 

400 49.45 N/A i. Kinetic studies indicated 

adsorption process follows pseudo 

first-order model. 

ii. The adsorption process is 

exothermic and favoured at low 

temperature. 

 

(Moradi, 2013) 

HNO3-oxidized 

MWCNTs 

Bromothymol 

blue 

(BTB) 

96.8 55 97 i. The adsorption process is 

dependent on the initial dye 

concentration, time, and pH. 

ii. The adsorption process is 

endothermic in nature and the 

experimental data fitted well with 

Langmuir model. 

(Ghaedi et al., 

2012) 
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Magnetic 

MWCNTs-Fe3C 

nanocomposite 

Direct Red 23 38.7 85.5 N/A i. Adsorption kinetics was more 

accurately represented by pseudo-

second-order model.  

ii. The adsorption data were in good 

agreement with the Freundlich 

model. 

iii. Positive enthalpy and entropy 

indicated that the adsorption 

process was spontaneous and 

endothermic in nature. 

 

(Konicki et al., 

2012) 

Oxidized 

MWCNTs 

Methyl orange 165 10 N/A i. Pseudo-second-order kinetic model 

best fits the adsorption of MO onto 

MWCNTs.  

ii. Adsorption capacity increased with 

increasing stirring speed, MO dye 

initial concentration, and 

temperature.  

 

(Zhao et al., 

2013) 
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Thiol functionalized 

MWCNT 

 

Methylene 

blue 

400 166.67 N/A i. Adsorption capacity of MB 

increases with increasing initial dye 

concentration and temperature.  

ii. The equilibrium data was well 

described with Langmuir model. 

 

(Robati et al., 

2016) 

SWCNT–COOH 

 

Malachite 

Green 

400 22.33 

 

N/A i. Adsorption process was found to be 

dependent on temperature, ionic 

strength, initial concentration, 

adsorbent dosage and contact time. 

ii. Adsorption capacity of dyes using 

SWCNT-NH2 is higher than 

SWCNT-COOH due to the higher 

active groups on the surface of 

SWCNT. 

iii. The kinetics of MG adsorption 

follows the pseudo-first-order 

kinetic model. 

 

(Setareh 

Derakhshan and 

Moradi, 2014) SWCNT-NH2 Malachite 

Green 

400 29.36 N/A 

SWCNT–COOH 

 

Methyl orange 400 25 

 

N/A 

SWCNT-NH2 Methyl orange 400 27.15 

 

 

N/A 
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2.5.2     Functionalized carbon nanotube as support materials 

In spite of their evident advantages, the real industrial application of the functionalized 

CNT as adsorbent has been restricted by its high cost and complicated separation 

process from the reaction mixture (Ali et al., 2019, Rodriguez-Quijada et al., 2018). 

Another problem associated with the use of CNT adsorbent is the generation of waste 

at the end of wastewater treatment process. Additional costs are required for 

regeneration and reusability of the spent CNT adsorbent (Kumari et al., 2019). 

Therefore, the growing demand for cost effective and environmentally friendly 

wastewater treatment method has given rise to the development of more efficient and 

green regeneration technologies (Pan et al., 2018). Recent researches have been 

focusing on the integration of CNT with enzyme immobilization technology to 

overcome the problem of adsorption saturation of CNT (Neupane et al., 2019, Wee et 

al., 2019). The immobilization of enzymes on functionalized CNT support material 

permit the regeneration of adsorption sites by catalyzing the adsorbed pollutants on its 

surface effectively (Dwevedi, 2019). The dye pollutants adsorbed to the surface of the 

CNT support material can convert into harmless end-product via enzymatic reaction. 

Additionally, the chemical inertness properties, and change in the surface charge of 

CNT after functionalization aid in facilitating the binding interaction of the enzyme 

with the CNT support material (Naghdi et al., 2016, Kyzas and Matis, 2015). 

 

Various enzymes have been successfully immobilized onto CNT for the application of 

wastewater treatment, such as lignin peroxidase, laccase and plant peroxidases 

(Nasrollahzadeh et al., 2019, Singh and Chauhan, 2019, Cai et al., 2019). For instance, 

Oliveira et al. (2018) reported the potential of lignin peroxidase immobilized on CNT 

for application in dye degradation process as it exhibited higher catalytic efficiency 

and stabilities than free enzymes. Additionally, Chen et al. (2017) et al. developed the 

immobilization of laccase on magnetic graphene oxide (GO) for the application of dye 

removal. The experimental results demonstrated that the immobilized laccase on 

magnetic nanomaterials exhibited high thermal and pH stability, improved enzyme 

activity and good reusability. Furthermore, Pang et al. (2015) studied the catalytic 

activity of immobilized laccase on various carbon nanomaterials, fullerene, MWCNT, 

oxidized MWCNT, and GO, as nanobiocatalysts for removal of phenolic compounds. 
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The studies showed that immobilized enzymes on the carbon nanomaterials supports 

had higher removal efficiency when compared to free enzymes. 

On top of that, several researchers demonstrated that HRP have been successfully 

immobilized onto functionalized CNT for the application of wastewater treatment. For 

instance, in the study of Ren et al. (2012), they reported that the immobilization of 

HRP onto SWCNT exhibited a significant enhancement of enzyme activity and 

catalytic efficiency. Moreover, Li et al. (2017b) also studied the development of 

immobilized HRP onto MWCNT/cordierite composite support by physical adsorption. 

As compared to the free enzyme, the immobilized enzyme was found to have better 

enzyme efficiency, as well as storage stability, thermal stability, catalytic and acid-

based stability. Also, the immobilized HRP on MWCNT/cordierite composite support 

can be recovered and reused up to 10 times while retaining its enzymatic activity. 

Studies also confirmed that immobilization of enzymes onto nanostructured support 

materials are superior to the macro-sized and/or micron-sized particles support 

materials. This is because macro-sized and/or micron-sized support materials are 

subject to some inherent limitations, such as conformational change of native enzymes 

structure, steric hindrance, and mass transfer resistances as the enzymes cannot mix 

freely with the substances (Boncel et al., 2015, Khan et al., 2012a).  
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2.5.3     Functionalization methods of carbon nanotube 

A number of studies have reported on the surface modification techniques, such as 

acid treatment, functional groups grafting, and metals/metal oxide impregna tion 

(Anjum et al., 2016, Clément et al., 2014, Lavagna et al., 2017). Generally, surface 

modifications of CNT can be achieved through covalent or non-covalent 

functionalization method. Fig. 2.6 showed the common functionalization methods of 

CNT.  

 

 

Fig. 2.6: Functionalization methods of carbon nanotubes (Jun et al., 2018a). 

 

For covalent functionalization, the surface modification of CNT is dependent on the 

chemical reaction between the carbon atoms and the conjugation of hydrophilic 

molecules on the surface of CNT. Covalent functionalization of CNT is achieved by 

altering the state of bond connectivity, whereby sp2 carbon atoms is changed to sp3 

carbon atoms. There are two major types of covalent functionalization, which are 

“ends and defects functionalization” and “sidewall functionalization”.  

 

End and defects functionalization involves in the chemical modification of defect sites 

located at both tips of CNT, holes of the sidewalls and at the oxygenated sites (Tan et 

al., 2018, Jun et al., 2018a). Through the functionalization process, oxygen-containing 

functional groups such as carbonyl, hydroxyl and carboxyl groups are generated at the 
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opened end or sidewalls of CNT with the aid of oxidising agents (Nath et al., 2014). 

The most commonly used oxidizing agents are nitric acid (HNO3), sulphuric acid 

(H2SO4), hydrochloric acid (HCl), tri-oxygen (O3), hydrogen peroxide (H2O2) and 

potassium permanganate (KMNO4) (Mahalingam et al., 2018, Elkashef et al., 2016, 

Sezer and Koç, 2019). The presence of the oxygenated functional groups on the CNT 

surface can reduce the Van der Waals interactions between CNT, and resulting in the 

enhancement of separation of CNT bundles into singular tube. Besides, oxidation 

treatment can also aid in removal of metal particles or raw material impurities from 

the pristine CNT. Nevertheless, covalent functionalization via oxidation treatment may 

cause defects on the surface of CNT, as well as cutting and shortening of CNTs due to 

harsh reaction conditions (Karousis et al., 2016). 

 

In addition, sidewall functionalization involves in the direct coupling of functiona l 

groups, such as carboxylic groups or polymers onto to the sidewall of nanotubes. 

Sidewall functionalization can be performed by cyclo-addition treatment and radical 

addition of chemical agents, such as aryl diazonium, ammonium persulfate, and 

sodium nitrate (Avilés et al., 2018, Liu et al., 2017). Besides, a number of researchers 

also demonstrated the functionalization of CNT with metal or metal oxides, such as 

iron (Fe), iron oxide (Fe3O4), aluminium oxide (Al2O3) and silver (Ag) (Yang et al., 

2015, Xu et al., 2018). These studies revealed that incorporation of metal or metal 

oxides with CNT can enhanced the adsorption capabilities of CNT significantly.  

 

On the other hand, non-covalent functionalization of CNT can be performed by 

polymer wrapping and surface attachment of surfactants. For polymer wrapping, the 

interactions of Van der Waals and π–π stacking between the surface of CNT molecules 

and polymer chains lead to the wrapping of polymer around the CNT (Ma et al., 2010). 

Besides, surfactant functionalization involves the physical adsorption of the 

surfactants molecules on the hydrophobic part of CNT. The commonly used 

surfactants are sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide, non-

ionic Tween-20, gum arabic, deoxyribonucleic acid (Karim et al.), and chitosan 

(Ferreira et al., 2016, Bianco et al., 2008). The use of surfactant can lead to 

significantly increase in solubility and hydrophilicity of CNT. Moreover, it can also 
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aid in lowering the surface tension of the solvent and also reduce the tendency of 

formation of CNT aggregates (Fatemi and Foroutan, 2016). Additionally, non-

covalent functionalization of CNT do not induce any change of physical properties or 

structural damage to CNT (Nan et al., 2016). This is because the structures of sp2 

hybridized orbital were remain unchanged due to the π–π interaction between 

conjugated molecules and the graphitic sidewalls of CNT (Merum et al., 2017). 

Nonetheless, the drawbacks of using surfactant for surface modification are its 

toxicity, non-biodegradability properties, which might cause hazardous to 

environment (Lémery et al., 2015, Rebello et al., 2014). Besides, the interfac ia l 

adhesion between the surfactant and CNT is generally weak, resulting in a poorer 

stability of functionalization as compared to covalent functionalization (Fujigaya and 

Nakashima, 2015). The advantages and disadvantages of CNT functionaliza t ion 

methods are summarized in Table 2.5. 

 

Table 2.5: Advantages and disadvantages of CNT functionalization methods 

dimensions (Jun et al., 2018a). 

 Advantages Disadvantages 

Covalent 

Functionalization 

 Formation of high 

stability bonds 

 Loss of inherent properties 

 Possible structural damage 

to CNMs. 

 Re-agglomeration of 

CNMs in matrix 

 

Non-covalent 

Functionalization 

 Structural network is 

retained 

 No loss of electronic 

properties 

 Simple procedure 

 Minimum damage 

 Weak coating stabilities 
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2.5.4     Buckypaper 

In spite of the excellent properties of functionalized CNT as support materials, the 

nanoscale size of individual CNT is impractical for industrial applications and 

continuous operating systems. The extremely small sizes of CNT resulted in difficulty 

for separation from the reaction medium for further recovery and reusability purposes. 

Recent years, advanced nanostructured material, Buckypaper (BP), has gained 

immense attention in scientific community due to its extraordinary properties (Zhang 

et al., 2013b). BP, which is also known as Buckministerfullerene or Carbon 60, is a 

macroscopic sheet assembly of CNT. Buckypaper has remarkable flexibility and 

strength with lightweight. Besides, it also  exhibits in robust mechanical properties, as 

well as good thermal and chemical stabilities (Liu et al., 2013). Hence, it can offer 

great potential for diverse applications, such as filter membranes, actuators, 

reinforcement in composite materials and electrically conductive components (Khan 

et al., 2017, Kausar et al., 2017).  

 

Many studies and efforts have reported on the feasibility and potential of BP for the 

wastewater treatment technology owing to its excellent properties, including high 

fouling resistance and high range of water flux (Cha et al., 2016, Han et al., 2014, 

Potnis, 2017). According to Rashid et al. (2017), BP is a promising tool for water 

filtration process as its pores contributes approximately 65% of their total volume. 

Brady‐Estévez et al. (2008) demonstrated the highly permeable and effective SWCNT 

filter for removing the bacteria and viruses from water. Besides, Rashid et al. (2014) 

successfully synthesized a f-MWCNT BP for the removal of bisphenol A and mixture 

of trace organic contaminants (TrOCs). The experimental results showed the ability of 

BP for removing a variety of organic compounds, as it can remove over 90% and 80% 

of BPA and TrOCs respectively. In another study, CNT-PVA membrane was 

fabricated and used for the treatment of emulsified oily wastewater (Yi et al., 2019). 

They reported that CNT-PVA membrane has better performance for emulsified oily 

wastewater removal over the commercial polymeric membrane as it has higher oil 

fouling resistant.  
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2.6     Applications of immobilized peroxidases on dye wastewater 

treatment 

The immobilization of peroxidases, particularly horseradish peroxidase (HRP) and 

soybean peroxidase (SBP), onto various type of support materials has been extensive ly 

documented (Husain, 2019, Alshabib and Onaizi, 2019). A number of articles have 

reported the use of immobilized peroxidase for wastewater treatment, especially dyes 

and organic pollutants (Singh et al., 2015, Katheresan et al., 2018, Mukherjee et al., 

2018). 

 

Poly(ethylene terephthalate), also known as PET fibers, was successfully used by 

Arslan (2011) for immobilizing HRP, for azo dye decolorization. PET fibers have 

received considerable attention as support materials for immobilized enzyme due to 

its large specific surface area, cost-effective, as well as high resistance to extreme pH 

and temperature conditions. The study reported the modifications of PET fiber using 

glycidyl methacrylate with benzoyl peroxide as initiator. The kinetic studies obtained 

revealed that immobilized HRP can achieve higher catalytic efficiency and affinity as 

compared to free HRP. The maximum dye removal efficiency achieved by using 

immobilized HRP was 98% at pH 7 and 40 ºC, within 45 min. 

 

Gholami-Borujeni et al. (2011a) had conducted experiments on development and 

application of immobilized HRP on calcium alginate gel beads for the decolorizat ion 

of textile industrial sewage. The highest dye removal efficiency for both Acid Orange 

7 and Acid Blue 25 were 75% and 84% respectively. Experiment outcomes showed 

that the optimum conditions for the dye removal using immobilized enzyme were at 

pH of 7.4, temperature of 25-50 ºC, reaction time of 90 min and enzyme concentration 

of 0.8 units.g-1. Moreover, the immobilized enzyme was found to be effective for dye 

degradation, as it can be recycled and reused up to 10 cycles. 

 

In addition, immobilization of HRP on polyaniline (PANI) chains was studied by 

Bayramoglu et al. (2012), by grafting them on the polyacrylonitrile (PAN) films 

through hybrid immobilization method. HRP was first adsorbed on the PANI-3 film, 
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followed by crosslinking with glutaraldehyde. The immobilized HRP demonstrated 

better degradation performances for both Direct Black 38 and Direct Blue 53 dye 

compared to free HRP. The immobilized HRP achieved a maximum removal 

efficiency of 91% for Direct Blue 53 and 95% for Direct Black 38 dye at optimum 

conditions of pH 6.0 and 35 ºC. Conversely, free HRP showed lower degradation 

efficiency of 73% and 81% for Direct Blue 53 and Direct Black38 respectively under 

the same operating conditions. The results verified that the immobilization of HRP 

onto PAN-g-PANI-3 support displayed significant enhancement in enzyme loading 

capacity, reusability, thermal and storage stability due to its high surface area of 

support material. 

 

Furthermore, Sekuljica et al. (2016) demonstrated the removal of anthraquinone dye 

C.I. Acid Violet 109 by using immobilized HRP on kaolin. Kaolin is proposed as new 

promising support for immobilized biocatalyst as it is eco-friendly, low cost, effic ient 

and possess high thermal stability. The dye removal efficiency and reusability for both 

immobilized and native HRP were investigated and compared. The results revealed 

that the immobilized HRP has higher dye removal capability than free HRP, which are 

92% and 87% respectively. However, immobilized HRP showed better potential for 

removal of dye in industrial applications as it can be reused for at least seven 

successive cycles in the decolorization reactions. Ultimately, immobilized HRP 

decolourized 11.3 mg of Acid Voilet 109, while free HRP only decolourized 2.7 mg 

of Acid Voilet 109. 

 

The immobilization of HRP on calcium-alginate support for degradation of synthetic 

dye was studied by Bilal et al. (2016c). The maximum dye removal efficiency using 

immobilized HRP for Reactive Red 120, Reactive Orange 16 and Reactive Blue 4 was 

72.3%, 79.6% and 87.2% respectively. The optimum conditions for the immobil ized 

HRP were under pH 7, 60 ºC, and within 1 hour reaction time. Another investiga t ion 

of dye removal from aqueous solution with immobilized HRP on calcium alginate 

beads was studied by Farias et al. (2017). Their studies confirmed that the immobil ized 

HRP can remove up to 93% Reactive Blue 221 and 75% Reactive Blue 198 at its 

optimum conditions of pH 5.5 and 30 ºC, within 4 h. Additionally, they reported that 

the immobilized HRP can achieve up to 3 reuse cycles. In addition, the proposed 
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numerical model showed good results for determining the kinetic parameters and mass 

transfer coefficients for both free and immobilized enzymes by comparing to the 

experimental data. 

 

Sun et al. (2017) demonstrated the immobilization of HRP on ZnO 

nanowires/macroporous SiO2 composite for the removal of Acid Blue 113 and Acid 

Black 10 BX. Immobilized HRP exhibited superior catalytic efficiency, thermal 

stability and operating stability as compared to free enzymes. Experimental results 

showed that the maximum removal of Acid Blue 113 and Acid Black 10 BX by using 

immobilized HRP were 95.4% and 90.3% respectively, at pH 7 and 30 °C within 3 

hours. Unlike free enzymes, immobilized HRP can be recycled and reused, with high 

decolourization efficiency of 79.4% Acid Blue 113 and 71.1% of Acid Black 10 BX 

at the 12th cycle of reuse. 

 

The immobilization of HRP on onto cross-linked polyacrylamide gel (PAG) by 

copolymerization was first investigated by Bilal et al. (2018a). The immobilized HRP 

was used for the application for degradation of mono-azo dye, methyl orange in a 

packed bed reactor. Result shown that the immobilized HRP on PAG support 

demonstrated a promising performance as biocatalyst, with excellent dye removal 

efficiency up to 90%. Besides, the results from acute toxicity analyses also revealed 

that HRP-immobilized PAG can reduce the toxicity of the textile azo dye significantly. 

In another study, Bilal et al. (2019a) demonstrated the immobilization of HRP agarose-

chitosan hydrogel (ACH) using N-hydroxysuccinimide (NHS) as the crosslink ing 

agent. Compared to the free enzyme, immobilized HRP exhibited in broad pH and 

temperature stability, as it can retain higher catalytic activity even at extreme operating 

conditions. Besides, it also demonstrated promising degradation efficiency for removal 

of Reactive Blue 19 (RB 19), with remarkable reusability capability.  

 

Numerous past studies and efforts have been directed towards discovery of employing 

different peroxidases for decolourization of dye aqueous solutions. For instance, Matto 

et al. (2009) used calcium alginate starch gel entrapped bitter gourd peroxidase (BGP) 

for the treatment of coloured pollutant from textile industrial effluents. The reusability 
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and dye removal efficiency of immobilized BGP were investigated in both stirred 

batch process and continuous packed bed reactor. For stirred batch process, the 

immobilized enzyme showed 71% textile dye removal efficiency within 3 h of 

incubation at pH 5 and 40 ºC. On the other hand, results also showed that immobil ized 

BGP can achieve up to 85% maximum dye removal efficiency for continuous two-

reactor system even after two months of operation. Thus, it was evident that 

immobilized BGP biocatalyst is feasible for treating large scale industrial effluents in 

continuous systems. 

 

Satar and Husain (2011) carried out the immobilization of BGP con-canavalin A (Con-

A) on calcium alginate pectin. The complex was then used for application in 

degradation of Disperse Brown 1 (DB 1) and Disperse Red 17 (DR 17) from polluted 

wastewater. The removal efficiencies of azo disperse dye were compared and 

evaluated by using free enzyme and immobilized enzyme. By using immobilized BGP, 

the maximum decolorization efficiency of DB 1 and DR 17 were 71% and 98% 

respectively, with 0.75 mmol.L-1 of H2O2, 35 U if immobilized BGP, at 40 ºC and pH 

3 for a total of 90 min reaction time. On the other hand, free BGP showed lower 

decolorization efficiencies of 50% for DB1, and 73% for DR 17 under the same 

operating conditions. 

 

Besides, the immobilization of tomato peroxidase (TMP) on concanavalin A-cellulose 

for the degradation of direct dye were studied by Matto and Husain (2008). The 

maximum DR 23 and DB 80 removal efficiencies for immobilized TMP were 93% 

and 76 % respectively, at optimum operating conditions of pH 6.0 and 40 ºC. 

Moreover, experimental studies revealed that 1-hydroxybenzotriazole (HOBT) is the 

best redox mediator for treating direct dye by using immobilized TMP. The addition 

of 0.4 mM HOBT can enhance the dye degradation efficiency by several folds.  

 

Additionally, Matto and Husain (2009) also further study the immobilization of turnip 

peroxidase (TP) on Con-A wood shaving as bioaffinity support, for the degradation of 

direct dye in continuous reactors. The experimental result obtained showed that the 

maximum dye degradation of immobilized TP that can be achieved were 93% for 
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Direct Red 23 and 85% for mixture of direct dye in the two-reactor system at pH 5 and 

30 ºC. It was found that the catalytic efficiency of immobilized TP for both Direct Red 

23 and dye mixture after its eighth successive usage was 64% and 26% respectively. 

 

Other than conventional support materials, Metal organic framework (MOF) has 

recently received broad attentions as support material for enzyme immobiliza t ion 

owing to their outstanding properties (Li et al., 2016, Hu et al., 2018). MOF is a type 

of porous material, which is composed of organic and inorganic units linked by strong 

coordination bonds (Zhang et al., 2017). For instance, Salgaonkar et al. (2019) 

demonstrated the successful immobilization of orange peel peroxidase (OPP) on MOF. 

The results showed that OPP-immobilized MOF exhibited a significant enhancement 

in the thermal stability. Besides, storage stability studies showed that there was a 

negligible loss in the activity of OPP-immobilized MOF even after 18 days. Also, 

OPP-immobilized MOF possess superior removal of Methylene blue dye and Congo 

red dye using OPP-MOF and its free counterpart were investigated.   

 

Recent years, nano-structured nanomaterials has attracted many researchers as 

promising support materials. For instance, Calza et al. (2016) demonstrated the 

immobilization of SBP on silica monoliths and titanium dioxide (TiO2) for the 

degradation of orange dye from aqueous solution. TiO2 acts as a photocatalyst, which 

is coupled with the enzymatic oxidation treatment in order to obtain a better removal 

of parent molecules. Experimental results revealed that the combination of 

immobilized SBP and TiO2 system allows 2 to 4 times enhancement in efficiency for 

the decolourization of all orange dye and carbamazepine compared to the single 

systems. Oxidation of the entire orange dye was achieved within 2 h, whereas the 

carbamazepines were removed completely within 1 hour by using the TiO2/SBP 

system.  

 

Besides, Ali et al. (2017) studied the immobilization of ginger peroxidase on amino-

functionalized SiO2 coated TiO2 nano-composite for the application in bioremedia t ion 

process. The studies demonstrated that the immobilized enzyme has significant 

enhancement in catalytic activity, biocompatibility, stabilities as well as excellent 

reusability. The immobilized ginger peroxidase displayed excellent dye degradation 
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efficiency under optimum conditions of pH 5 and 40 °C. The studies reported that 90% 

of Acid Yellow 42 dye were removed by using immobilized ginger peroxidase within 

1.5 h in a stirred batch process. On the other hand, free enzyme can only remove 69% 

of the dye under the same operating conditions and time frame. This clearly 

demonstrates the suitability of immobilized ginger peroxidase for large scale 

wastewater ministration, as it possesses good catalytic properties and excellent 

reusability.  

 

In another study, Altinkaynak et al. (2017) investigated the immobilization of Turkish 

black radish peroxidase (TBRP) on the copper ions (Cu2+) hybrid nanostructure with 

flower-like shapes (NFs). They also reported that the TBRP incorporated with Cu2+ 

hybrid nano-flowers were used for the first time for the removal of Victoria blue (VB) 

dye. Based on the results obtained, immobilized TBRP can achieve higher VB dye 

removal in comparison with its free counterpart. The maximum VB dye removal that 

immobilized TBRP and free TBRP can be achieved were 99% and 65% respectively 

at room temperature and pH 7 within one hour. Moreover, immobilized TBRP can 

retain 77% of VB dye decolourization even at its tenth cycle. 

 

Table 2.6 shows the comparison of immobilization of peroxidases on various supports 

for decolourization of dye. The immobilization of peroxidases on dye removal mainly 

adopted in wastewater treatment and textile industries.  
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Table 2.6: Comparison of immobilized peroxidases on various supports for dye removal (Jun et al., 2019b).  

Enzymes 

Sources 

Supports Type of Dye 

 

Enzyme 

amount 

Optimum 

Operating 

Conditions 

Contact 

Time 

(min) 

Removal 

Efficiency (%) 

References 

Horseradish Modified PET 

fibres 

Methyl 

Orange 

40 mg  40ºC 

pH 7 

0.1 mM H2O2 

 

45 98 (Arslan, 2011) 

Horseradish Calcium alginate 

gel beads 

Acid Orange 

7 

 

Acid Blue 25 

 

0.8 U 25 to 50ºC 

 pH 7.4 

0.8 mM H2O2 

 

90 75 

 

84 

(Gholami-Borujeni 

et al., 2011a) 

Horseradish PAN films Direct Black 

38 

 

Direct Blue 

53 

200 U 35ºC 

 pH 6 

2.0 mM H2O2 

 

360 95 

 

 

91 

(Bayramoglu et al., 

2012) 



Chapter 2 Literature Review 

49 

Horseradish Kaolin Acid Violet 

109 

0.1 IU 24ºC 

 pH 5 

0.2 mM H2O2 

40 92 (Sekuljica et al., 

2016) 

Horseradish Calcium alginate Reactive Red 

120 

Reactive Blue 

4 

Reactive 

Orange 16 

 60ºC 

 pH 7 

60 72 

87 

80 

(Bilal et al., 2016c) 
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Horseradish Calcium alginate 

beads 

 

Reactive Blue 

221 

 

Reactive Blue 

198 

 

0.11 g 

0.12 g 

30ºC 

 pH 5.5 

0.38- 0.44 mM 

H2O2 

180 

 

 

240 

93 

 

 

75 

(Farias et al., 2017) 

Horseradish ZnO nanowires/ 

SiO2 composite 

Acid Blue 

113  

Acid Black 

10 BX 

 

8 U pH 7  

30 °C  

8 mM H2O2 

180  95.4%  

 

 

90.3% 

(Sun et al., 2018) 

Horseradish PAG Methyl 

orange 

- pH 7  

30 °C  

 

- 93.5% (Bilal et al., 2018a) 

Bitter gourd Calcium alginate 

pectin 

Disperse 

Brown 1 

 

Disperse Red 

17 

35 U 

 

40ºC 

pH 3 

0.75 mM H2O2 

90 71 

 

 

98 

(Satar and Husain, 

2011) 
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Bitter gourd Calcium alginate 

starch gel 

Industrial 

effluent 

-  40ºC 

 pH 5 

0.72 mM H2O2 

 

180 

 

70 - 85 (Matto et al., 2009) 

Tomato Con A-cellulose Direct Red 23 

 

Direct Blue 

80 

 

0.4 U  40ºC 

 pH 6 

0.72 mM H2O2 

60 93 

 

76 

(Matto and Husain, 

2008) 

Turnip Con-A wood 

shaving 

Direct Red 23 

 

Direct dye 

mixture 

 

22.7 U 30ºC 

 pH 5 

0.72 mM H2O2 

15 days 93 

 

85 

(Matto and Husain, 

2009) 

Orange peel Metal-organic 

framework (MOF) 

Methylene 

blue 

 

Congo red 

 

- 28 °C 

pH 7  

0.75 mM H2O2 

60 85.7 

 

 

89.9 

(Salgaonkar et al., 

2019) 
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Soybean hulls Silica monoliths 

and TiO2 

Orange I 

 

Orange II 

 

Methyl 

Orange 

 

21 mg - 120 100 (Calza et al., 2016) 

Ginger  SiO2 coated TiO2 Acid Yellow 

42 

 

 

28.9 U pH 5  

 40 °C 

0.75 mM H2O2 

90 90 (Ali et al., 2017) 

Turkish black 

radish 

Cu2+ hybrid 

nanoflowers 

Victoria blue - 30ºC 

pH 7 

60 90 (Altinkaynak et al., 

2017) 
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Despite of the extensive studies on enzyme immobilization technologies, this 

comprehensive review revealed that there is still a gap exists in our understanding and 

applicability. At present, there is still no universal support material and immobiliza t ion 

technique which are best for all enzymatic applications (Zdarta et al., 2018b). This is 

because the performances of the immobilized enzymes might differ from enzyme to 

enzyme, from support to support, from application to application, and from operating 

conditions to operating conditions (Bilal and Iqbal, 2019b). Moreover, most of the past 

studies of immobilized enzyme technology were carried out in bench top or laborato ry 

scales (Shakerian et al., 2020, Chatha et al., 2017, Temoçin et al., 2018). Therefore, 

another great challenge for commercialization of immobilized enzyme technology is 

the feasibility for pilot scale applications for the remediation of wastewater. Hence, 

the selection of appropriate and advanced support material is essential for robust and 

high long-term stability features of the immobilized enzymatic system (Bernal et al., 

2018). Based on the critical literature review performed, nanostructured membrane is 

one of the promising support materials due to its outstanding performances in terms of 

thermal, physical, and chemical properties, as well as fouling resistance properties 

(Zhu et al., 2018b, Nnaji et al., 2018, Gohil and Choudhury, 2019) 

 

In this work, functionalized MWCNT BP/PVA membrane was suggested as the 

support material for enzyme immobilization. Based on our knowledge, the 

immobilization of peroxidase on functionalized MWCNT BP/PVA membrane and its 

application for dye wastewater treatment has not been studied before. As compared to 

the conventional support materials, BP/PVA membrane is a promising candidate as 

the carrier for immobilized enzymes due to its extraordinary properties, such as large 

surface to volume area, high enzyme loading capabilities, and wide-spectrum 

adsorption capabilities towards pollutants from wastewater (Jun et al., 2019a). The 

high mechanical properties of BP/PVA membrane minimize the possibility of the 

release of the individual CNT into the environment (Patole et al., 2018). Moreover, the 

immobilization of peroxidase onto BP/PVA membrane is anticipated to perform 

simultaneous adsorption, separation, and catalytic conversion for dye pollutants with 

high performances. Additionally, the procedure for the fabrication of immobiliza t ion 

of enzyme on BP/PVA is simple, thus it can be readily scaled up as compared to other 

conventional technologies (Yee et al., 2018(Dalina et al., 2019).  Therefore, in this 
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study, the integration of enzyme immobilization and nanotechnology were 

investigated for the purpose of dye wastewater treatment, as well as to have a better 

fundamental understanding of the practical applications of JP-immobilized BP/PVA 

membrane.   
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CHAPTER 3  

RESEARCH METHODOLOGY 

 

 

3.1     Introduction 

In this chapter, the list of materials, chemicals and reagent used in this research study 

were included. The experimental methodology for synthesis and characterization of 

JP-immobilized BP/PVA membrane were discussed in depth. Besides, the 

experimental methods for performance testing of the immobilized JP membrane for 

MB dye wastewater treatment were briefed in this section. Moreover, the 

characterization and analytical techniques used in this study were also described. 

 

 

3.2     List of materials, chemicals and reagent 

Table 3.1 illustrated the list of materials and chemicals used in this research work.  

 

Table 3.1: List of materials and chemicals used in this research project.  

Materials Descriptions Suppliers 

Jicama skin peel Non-edible agricultural 

waste 

Local restaurant (Yat 

Yat Sing Food Court), 

Miri 

 

Boric acid  Merck  

(Darmstadt, Germany) 
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Hydrogen peroxide  

(H2O2) 

30% w/v Merck  

(Darmstadt, Germany) 

 

Polyvinyl alcohol  

(PVA) 

Molecular weight = 

31,000 – 50,000 g/mol, 

98 – 99% hydrolysed 

 

Merck  

(Darmstadt, Germany) 

Bovine serum albumin 

(BSA) 

 Merck  

(Darmstadt, Germany) 

 

Hydrochloric acid 

(HCl) 

93% Merck  

(Darmstadt, Germany) 

 

Nitric acid  

(HNO3) 

65% Merck  

(Darmstadt, Germany) 

 

Sulphuric acid  

(H2SO4) 

95% Merck  

(Darmstadt, Germany) 

 

Sodium hydroxide 

(NaOH) 

 Merck  

(Darmstadt, Germany) 

 

Sodium dihydrogen 

phosphate monohydrate 

 Merck  

(Darmstadt, Germany) 

 

Glutaraldehyde  25% in H2O Merck  

(Darmstadt, Germany) 

 

Polytetrafluoroethylene  

(PTFE) membrane 

Hydrophilic 

47 mm, 0.45 µm 

Merck Millipore 

(Darmstadt, Germany) 

 

4-aminoantipyrene  

(4-AAP) 

 Acros Organics  

(New Jersey, USA) 
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Citric acid  Fisher Scientific 

(Loughborough, UK) 

 

Di-sodium hydrogen 

orthophosphate 

 Fisher Scientific 

(Loughborough, UK) 

 

Absolute ethanol 98% Fisher Scientific 

(Loughborough, UK) 

 

Phenol detached crystal  Fisher Scientific 

(Loughborough, UK) 

 

Multi-walled carbon 

nanotube (MWCNT) 

98% purity, diameters 

ranging between 16 -23 

nm. 

Obtained from previous 

study (Mubarak et al., 

2014a) 

 

 

 

3.3     Methodology 

Fig. 3.1 illustrated the flow chart of the research methodology throughout this study. 

In the first stage of the study, the JP-immobilized BP/PVA membrane was prepared 

and synthesized. Then, several characterization studies were performed to investigate 

the biocompatibility of peroxidase with BP/PVA membrane support. Besides, the 

operational and storage stabilities of immobilized peroxidase were examined and 

compared with the free peroxidase. Followed by the optimization study of MB dye 

removal efficiency using the immobilized JP membrane under batch process. Next, a 

customized multi-stage membrane column was designed and fabricated. Subsequently, 

the dye removal efficiency of immobilized JP membrane in column system under batch 

recycled mode was investigated and optimized. Lastly, the comparison studies 

between JP-immobilized BP/PVA membrane and BP/PVA membrane for MB dye 

removal were performed.  
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Fig. 3.1: Overview of experiment flow chart. 
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3.4     Synthesis of functionalized MWCNT BP/PVA membrane 

3.4.1     Acid functionalization of MWCNT 

The surface modified MWCNT was prepared by acid functionalization. Firstly, 0.3 g 

of as-synthesized MWCNT was dispersed into concentrated HNO3 and H2SO4 (1:3 v/v 

ratio). Then, the mixture was sonicated in the ultra-sonication bath for 2.5 hours at 

40ºC. The mixture was diluted with distilled water, and then filtered through a 

hydrophilic Polytetrafluoroethylene (PTFE) membrane using a vacuum pump (Brand: 

ULVAC. Model: DTC-41B). The filter cake samples were then washed with distilled 

water until the pH 7. Finally, the samples were dried in a freeze dryer at -50ºC and 

0.133 bar for 24 hours to obtain carboxylic acid-functionalized MWCNT in powder 

form.  

3.4.2     Synthesis of BP/PVA membrane 

The BP/PVA membrane was synthesized by vacuum infiltration method. First of all, 

the functionalized MWCNT was dispersed in 50 mL of ethanol using a probe sonicator 

(Brand: Fisherbrand. Model: Q700) at 50 watts for 2 min. Then, the supernatant was 

filtered through a PTFE filter membrane under vacuum. After the formation of BP 

membrane, 2 wt% of PVA solution was poured onto its surface and filtered using the 

vacuum pump. Finally, the BP/PVA membrane was peeled off from the underlying 

PTFE membrane carefully, and dried in a drying oven (Brand: Binder. Model FD60) 

for 10 min at 100ºC. 

3.5     Extraction of jicama peroxidase 

The extraction of peroxidases from jicama skin peels was performed by following the  

extraction procedures and optimum conditions reported by Chiong et al. (2016c). Prior 

to the extraction process, the skin peels were washed with distilled water and air dried. 

Later, the skins were chopped coarsely and mixed with 0.1 M of phosphate buffer 

solution with the ratio of 1:2 (plant to buffer ratio w/v) at pH 7. Next, the mixture was 

blended for 2 min and followed by constant stirring of the extract for 30 min. The 
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extract was then filtered through four layers of cheesecloth and subject to 

centrifugation at 4,000 rpm for 20 min at 4ºC. The supernatant was sonicated for 1 min 

and then stored in 4ºC until further use.  

 

 

3.6     Immobilization of peroxidase on BP/PVA membrane 

The BP/PVA membranes were functionalized with glutaraldehyde (2.5% v/v) in 

phosphate buffer solution (0.1 M, pH 7.0) for 60 min. Then, the BP/PVA membrane 

was washed with phosphate buffer solution (0.1 M, pH 7.0) to remove any remaining 

traces glutaraldehyde. The membranes were then immersed in the crude peroxidase at 

desired pH and enzyme loadings at a given time for enzyme immobilization. The 

membranes were under constant shaking of 150 rpm at room temperature throughout 

the enzyme immobilization process. After the process was completed, the unbound 

enzymes were then removed by rinsing with phosphate buffer solution (0.1 M, pH 7.0) 

for three times. The JP-immobilized BP membrane was left air dry and stored in 4ºC 

for further use. Fig. 3.2 shows the diagram of the synthesis of BP/PVA membrane and 

the subsequent immobilization of JP on the membrane.  

 

 

Fig. 3.2: Diagram of fabrication of JP-immobilized BP/PVA membrane (Jun et 

al., 2019a). 
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3.6.1     Determination of enzyme activity of free and immobilized peroxidases 

Enzyme activities of both free and immobilized JP were determined by measuring the 

absorbance of the colorimetric assay using a UV-Vis spectrophotometer (Brand: 

Perkin Elmer. Model: Lambda 25 UV/Vis Double Beam). The assay was prepared by 

following the optimum JP activity conditions reported by Wu et al. (1993). The assay 

mixture consists of 500 µL of phosphate buffer solution (0.1 M, pH 6), 250 µL of 9.6 

mM 4-AAP, 100 µL of 0.1 M phenol, and 100 µL of 2 mM H2O2. Finally, 50 µL of 

the free peroxidase extract or 1 cm2 of the peroxidase-immobilized membrane were 

added to the assay mixture. The absorbance of the assay was measured once per 

minute. One unit of enzyme activity was defined as the conversion of 1.0 µmol of 

H2O2 per minute at pH 6 and 25ºC. The enzyme activity was determined by using 

Equation (3.1). All the experiment data were performed at least three times, and take 

the average of the results, with a standard deviation of less than 2%.  

 

𝑬𝒏𝒛𝒚𝒎𝒆 𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 (
𝑼

𝒎𝑳𝒆𝒏𝒛𝒚𝒎𝒆
) =

∆𝑨𝟓𝟏𝟎𝒏𝒎  𝑽𝒂𝒔𝒔𝒂𝒚  

𝑽𝒆𝒏𝒛𝒚𝒎𝒆𝜺𝟓𝟏𝟎𝒏𝒎
 

 

(3.1) 

 

Where ∆A510 nm represents the slope of absorbance versus time (min-1); Vassay and 

Venzyme are the volume of the assay (µL) and volume of the enzyme (mL) respectively; 

ԑ510 nm is the extinction coefficient = 7100 M-1 cm-1. 

 

The immobilization efficiency (IE) can be determined by using Equation (3.2). 

Besides, relative activity (RA) is expressed as the ratio of the enzyme activities to the 

maximum enzyme activities, shown as Equation (3.3). The maximum enzyme 

activities for both free and immobilized enzymes were regarded as 100% of the 

enzyme activities to be analyzed respectively. 

 

𝑰𝑬 (%) =
𝑻𝒐𝒕𝒂𝒍 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒊𝒎𝒎𝒐𝒃𝒊𝒍𝒊𝒛𝒆𝒅 𝒆𝒏𝒛𝒚𝒎𝒆

𝑻𝒐𝒕𝒂𝒍 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏  𝒐𝒇 𝒍𝒐𝒂𝒅𝒆𝒅 𝒆𝒏𝒛𝒚𝒎𝒆
 

×  𝟏𝟎𝟎 

(3.2) 
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𝑹𝑨 (%) =
𝑬𝒏𝒛𝒚𝒎𝒆 𝑨𝒄𝒕𝒊𝒗𝒊𝒕𝒚 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑬𝒏𝒛𝒚𝒎𝒆 𝑨𝒄𝒕𝒊𝒗𝒊𝒊𝒕𝒚 
× 𝟏𝟎𝟎 

(3.3) 

 

3.6.2     Determination of protein concentration of free and immobilized 

peroxidases 

The protein concentration of JP extracts was determined according to the standard 

assay method described by Bradford (Bradford, 1976). The calibration curve was 

constructed by using bovine serum albumin (BSA) as a standard. The absorbance was 

monitored at 595 nm by using UV-Vis spectrophotometer. The standard curve of 

protein concentration was shown in Appendix A. 

 

As for the immobilized enzyme, the amount of protein loaded on the membrane 

support was evaluated by the difference in the initial and final protein concentration, 

as well as the washings in the enzyme solutions. The enzyme loading, Pi, was defined 

as the amount of enzyme immobilized per gram of the BP membrane, which is 

presented in Equation (3.4). 

 

𝑷𝒊 (
𝒎𝒈

𝒈
) =

(𝑪𝑰 −𝑪𝑭)𝑽 − 𝑪𝒘𝑽𝒘

𝒎
 (3.4) 

 

Where CI and CF are the initial and final protein concentrations (mg/mL) respectively; 

V is the volume of total solution (mL); Vw is the volume of washing (mL), and Cw is 

the protein concentration in the washings (mg/mL); m is the dry weight of the 

membrane (g).  

 

 

3.7     Optimization of immobilization efficiency  

To optimize the process parameters for peroxidase immobilization efficiency, 

Response surface methodology (RSM) was used to determine the regression model 

with a minimum number of experiments. Besides, RSM was also used to analyze and 
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study the mechanism and the interaction of the factors which can influence the process. 

Experimental design for enzyme immobilization efficiency was performed via Face-

centered Central Composite Design (FCCCD) using Design-Expert software (version 

11.0, Stat-Ease Inc., Minneapolis, USA).  

 

The design output consisted of 16 sets of experimental runs, with 2 centre points. Three 

process variables chosen were pH (A), initial loading of the enzyme (B), and 

immobilization time (C), whereas the immobilization efficiency of the enzyme was 

defined as the response for this study. Factors were analyzed at high, centre, and low 

levels as shown in Table 3.2. The upper and lower values of the parameters were 

chosen based on the previous study on the immobilization of plant peroxidases on 

various support materials (Yu et al., 2019, El-Nahass et al., 2018, Chiong et al., 2019). 

The detail experimental array of enzyme immobilization efficiency was shown in 

APPENDIX C.   

 

Table 3.2: Codes, ranges and levels of independent variables for optimization of 

enzyme immobilization efficiency 

Variable Factors Units Low        

(-1) 

Centre  

(0) 

High  

(+1) 

A pH - 4 6 8 

B Initial concentration of 

enzyme   

U/mL 0.1 0.5 0.9 

C Immobilization time min 30 135 240 

 

The quadratic polynomial equation was chosen for predicting the optimal points and 

is expressed in Equation (3.5).  

𝒀 = 𝜷𝟎 +𝜷𝟏𝑨𝟏+ 𝜷𝟐𝑩𝟐

+ 𝜷𝟑𝑪𝟑+𝜷𝟏𝟏𝑨
𝟐+𝜷𝟐𝟐𝑩

𝟐+𝜷𝟑𝟑𝑪
𝟐+𝜷𝟏𝟐𝑨𝑩+𝜷𝟏𝟑𝑨𝑪+𝜷𝟐𝟑𝑩𝑪 

 

(3.5) 
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Where Y represents the predicted response value (Immobilization efficiency), 𝛽0 is the 

offset term, 𝛽1 and 𝛽2 are linear coefficients, 𝛽11, 𝛽22 and 𝛽33 are quadratic coefficients. 

A, B and C are the independent variables which influence the response variable Y. The 

coefficients were estimated by performing 16 trials and the generated second order 

polynomial model was then validated by performing the experiment at given optimal 

conditions. The resulting model was examined by using Analysis of variance 

(ANOVA). The validity of the model was determined based on Fischer’s F-test (F-

values), associated probability (p-values), as well as regression coefficient values and 

lack of fit test. Finally, the mathematical model developed by RSM was validated by 

performing experiments. 

 

 

3.8     Operational and storage stabilities of free and immobilized peroxidases  

In this section, the operational stabilities, such as temperature and pH, of free and 

immobilized peroxidase were examined and compared. Also, their thermal and storage 

stabilities were also investigated.  

 

3.8.1     Effect of temperature on free and immobilized peroxidase 

On the other hand, the effects of temperatures on the relative activities of both free and 

immobilized peroxidases were determined by incubating the enzymes in phosphate 

buffer solution (0.1 M, pH 7) with various temperature ranging from 20ºC to 60ºC. 

The relative activity of the enzymes was assayed as above.  

     

3.8.2     Effect of pH on free and immobilized peroxidase 

The effects of pH on the relative activities of free and immobilized peroxidases were 

evaluated by incubating the enzymes in 0.1 M phosphate buffer solution with various 

pH, ranging from pH 2 to pH 11. The pH of the enzymes was adjusted by using 1 M 

HCl and 1 M NaOH. Each experiment was conducted at room temperature (30 ± 2ºC) 

for 30 min. The enzyme activities was assayed as described in Section 3.6.1. 
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3.8.3     Thermal stability of free and immobilized peroxidase 

As for thermal stability experiments, free and immobilized peroxidases were incubated 

in phosphate buffer solution (0.1 M, pH 7) at 50ºC for 90 min of incubation. Aliquots 

of the samples were collected at every 15 min interval and the enzyme activities were 

measured under standard assay condition. 

 

3.8.4     Storage stability of free and immobilized peroxidase  

For storage stabilities experiments, free and immobilized peroxidases were incubated 

in phosphate buffer solution (0.1 M, pH 7) at 4 ºC. The enzyme activities were 

measured at every 5 days intervals for 5 weeks. The enzyme activities were assayed 

according to the Section 3.6.1.  

 

 

3.9     Batch treatment of MB dye using immobilized JP membrane 

In this section, treatment of methylene blue (MB) dye solution from aqueous solution 

using JP-immobilized BP/PVA membrane was investigated. A total of 100 mL of dye 

solution was treated with immobilized JP membrane in 0.1 M buffers of varying pH 

(3.0 – 9.0), in the presence H2O2 at a desired concentration at room temperature. The 

beaker was shaken at a specific agitation speed, and aliquots were collected from the 

reaction mixtures at specific time intervals. The concentrations of the MB were 

determined by using UV-vis-spectrophotometer. The MB dye removal efficiency 

(R%) was evaluated by using the Equation (3.6): 

  

𝑹% = (
𝑪𝟎 − 𝑪𝒇

𝑪𝟎
) × 𝟏𝟎𝟎 

 

(3.6) 

Where C0 and Cf are the initial and final concentration of MB dye respectively.  
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3.9.1     Preparation of MB dye stock solution 

Analytical grade MB standard solution was used to prepare 100 mg/L of stock 

solutions. The desired concentration of MB solution was attained by diluting the stock 

solution with distilled water. The properties of MB dye used and the standard curve of 

MB dye were shown in Appendix B.  

 

3.9.2     Optimization of MB dye removal using immobilized JP membrane in 

batch process 

RSM study was conducted to identify the design matrix, and to optimize the MB dye 

removal efficiency using JP-immobilized BP/PVA membrane. Experimental design 

for batch dye removal study was performed via FCCCD using the DOE software. For 

this study, the dye removal efficiency was set as the response factor, while the process 

variables were pH, H2O2 concentration, contact time and agitation speed. The 

experiments were carried out at 30ºC throughout the whole study, which was the 

optimum temperature established for this enzymatic system (Jun et al., 2019a). Table 

3.3 illustrated the range of independent process variables investigated in this study. 

The lower and upper values of process parameters were selected based on the previous 

studies on the removal of dye pollutants using immobilized peroxidases (Ali et al., 

2017, Salgaonkar et al., 2019, Sun et al., 2017). The design of experimental matrix 

was shown in APPENDIX D, wherein 26 experimental runs are conducted to estimate 

the MB dye removal efficiency using JP-immobilized BP/PVA membrane. 

 

Table 3.3: Codes, ranges and levels of independent variables for optimization of 

batch dye removal efficiency.  

Variables Factors Units 
Low  

(-1) 

Centre 

(0) 

High  

(+1) 

A pH - 3 6 9 

B H2O2 concentration mM 1 5.5 10 

C Agitation speed rpm 100 150 200 

D Contact time min 20 190 360 
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All the experimental runs were triplicated, and the average of the results was taken. 

The ANOVA was used to analyze the obtained regression coefficient for the proposed 

model. The coefficient of determination (R2), adjusted coefficient of determina tion

(R2
adj), lack of a fit model, as well as both F and P values were used to determine the 

validity of the acquired models was evaluated.  

3.9.3     Reusability of immobilized JP membrane and BP/PVA membrane in 

batch system for MB dye removal. 

The reusability of the JP-immobilized BP/PVA membrane for batch dye degradation 

was performed under optimized conditions as determined in Section 3.9.2. At the end 

of each cycle, the supernatant was collected to determine the concentration of dye  

using UV-vis-spectroscopy. Subsequently, the immobilized enzymes were suspended 

in 100 mL of the fresh reaction mixture to perform the next reaction cycle. The 

experiment was repeated by using BP/PVA membrane, and the results for both 

membranes were compared and investigated.  

3.10     Design of multi-stage membrane column 

In this research project, the multi-stage membrane column used was custom made by 

Nano Life Quest Sdn. Bhd. Fig. 3.3 displayed the column and its membrane holders. 

The column has a dimension of 460 mm x 54 mm. There are two openings with 3-way 

valves located at the top and bottom of the column, which act as sampling points. Each 

membrane filter holder has a dimension of 46 mm x 60 mm, with five holes (± 2 mm) 

at the bottom of each holder, which allows the filtrate to pass through it. The 

immobilized JP membranes were placed in each membrane filter holder, and inserted 

into the column. 
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Fig. 3.3: Diagram of customized multi-stage membrane column and the 

membrane holders. 

 

3.10.1    Treatment of MB dye using immobilized JP membranes in column 

system under batch recycled mode  

Fig. 3.4 illustrated the diagram of the experimental set-up for MB dye removal in the 

multi-stage membrane column under batch recirculation mode. The 500 mL MB dye 

with desired concentration was prepared with phosphate buffer solution (0.1 M, pH 6). 

The dye solution was continuously pumped in a downward flow through the column 

with a given flow rate using a peristaltic pump. The dye removal reaction was initiated 

by adding H2O2 solution into the beaker. The reaction mixture was stirred at 100 rpm 

continuously throughout the experiments. Besides, the beaker was covered with 

parafilm to prevent the evaporation of the reaction mixture. The MB dye solution is 
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recycled back to the beaker before being fed into the column again via the pump. The 

samples were collected at the bottom of the column at specific time intervals. The 

concentration of the MB was determined by measuring at absorbance at 665 nm using 

a UV-spectrophotometer. In this study, the experiments were operated at optimum 

condition of pH 6 and room temperature of 30ºC ± 2. 

 

 

Fig. 3.4: Diagram of experimental set up of the customized glass column for MB 

dye removal under batch recycled mode. 
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3.10.2    Optimization of MB dye removal using immobilized JP membrane in 

column system under batch recycled mode 

The optimization of MB dye removal in column system under batch recycled mode 

was studied using RSM under FCCCD. The DOE software was employed for 

regression and graphical analysis of the data obtained. In this present study, the 

response factor was MB dye removal efficiency, whereas the process variables were 

influent flow rate (A), ratio of H2O2/dye concentration (B), and reaction times (C). 

Table 3.4 illustrated the experimental design and process variables for removal of MB 

dye. The range of each process parameters was chosen based on the previous studies 

on the removal of dye from aqueous solution using immobilized peroxidases in column 

system (Bilal et al., 2017). Also, the design of experimental matrix, and total number 

of 16 experiments were conducted in this study in APPENDIX E. 

 

Table 3.4: Codes, ranges and levels of independent variables for optimization of 

MB dye treatment in column system under batch recycled mode.  

Variables Parameters Unit  Low  

(-1) 

Centre  

(0) 

High  

(+1) 

A Influent flow 

rate 

mL/min 1 1.5 3 

B Ratio of 

H2O2/dye 

concentration 

- 37.39 : 1 93.47:1 186.95 : 1 

C Contact times min 20 105 180 

 

The experimental data were then analyzed statistically by using ANOVA software. 

The accuracy of the quadratic polynomial model obtained was then evaluated by using 

p-value, F-test, R2, and also R2
adj. Lastly, the mathematical model developed by RSM 

was validated.  
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3.10.3    Reusability of immobilized JP membrane and BP/PVA membrane in 

column system for MB dye removal. 

The reusability tests for MB dye removal using immobilized JP membrane and 

BP/PVA membrane in column system were carried out at the optimum operating 

conditions as determined from Section 3.10.2. After each cycle, the supernatant was 

collected to measure the dye concentration using UV-spectroscopy. All the reaction 

solution in the column and the tubing was drained, whilst the membranes were retained 

in the columns. Then, the experiment was repeated by using the fresh MB dye solution.  

 

 

3.11     Kinetic parameters for free and immobilized JP membrane with 

respect to MB dye. 

The kinetic parameters, Km and Vmax, were determined by measuring the init ia l 

reaction rates of both free and immobilized JP for degradation of MB dye. The 

measurements were carried out by varying the concentrations of MB dye (2 to 10 

mg/L) prepared in phosphate buffer solution (0.1 M, pH 6), in the presence of 2 mM 

H2O2 at 30ºC. Lineweaver-Burk double reciprocal plot was used to evaluate the kinetic 

constant according to the Equation (3.7): 

 

𝟏

𝑽
=
𝑲𝒎
𝑽𝒎𝒂𝒙

𝟏

[𝑺]
+

𝟏

𝑽𝒎𝒂𝒙
 

(3.7) 

 

Where V and Vmax are the initial and maximum rate of reactions (mg L-1 min-1); Km is 

the Michaelis-Menten constant (mg/L); S is the concentration of the substrate (mg/L). 

The graph of 1/V against 1/[S] gives a linear relationship, from which Vmax and Km 

values can be obtained from the intercept and slope of the plot respectively.  
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3.12     Comparison study between the adsorption of MB dye using JP-

immobilized BP/PVA membrane and BP/PVA membrane 

In this section, the adsorption experiments were conducted by using both JP-

immobilized BP/PVA membrane and BP/PVA membrane were investigated and 

compared. To elucidate the adsorption capabilities of MB dye by using both 

membranes, the adsorption isotherms, kinetics, as well as thermodynamic studies were 

investigated.  

 

3.12.1    Effect of contact time and initial dye concentration on adsorption 

capacity 

The adsorption experiments using BP/PVA membrane and JP-immobilized BP/PVA 

membrane were performed at the same operating conditions. The experiments were 

studied in the customized column under batch recycled mode at the optimized 

conditions obtained from Section 3.9.2. The dye samples were collected at various time 

intervals up to 4 hours. The dye samples were collected at specific times, and the 

concentration of MB dye was obtained by using UV-vis spectrophotometer.  The 

experiments were repeated by varying the MB dye concentration in the range between 

10 to 80 mg/L. The amount of adsorbed dye (qt,e) per gram of adsorbent at time (t) or 

at equilibrium (e) in the case of adsorption isotherm studies, was determined by 

Equation (3.8). 

 

𝒒𝒕,𝒆 =
(𝑪𝒊 − 𝑪𝒕,𝒆)𝑽

𝒎
 

(3.8) 

Where Ci and Ct, and Ce are initial concentration, concentration at specific times, and 

concentration at equilibrium for MB dye, respectively (mg/L), V is the volume of the 

solution (L), and m is the mass of BP/PVA membrane or JP-immobilized BP/PVA 

membrane. 
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3.12.2     Adsorption isotherms study 

Adsorption isotherms of MB dye onto BP/PVA membrane and JP-immobil ized 

BP/PVA membrane were performed to examine the relation between the amount of 

dye adsorbed by the adsorbent and its concentration in equilibrium solution at a 

constant temperature. The commonly used adsorption isotherms models, such as 

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich, can provide valuable 

information about the adsorption mechanism and surface properties of the adsorbent 

(Li et al., 2017a).  

 

For Langmuir model, it assumes that adsorption occurs as the monolayer coverage of 

adsorbate on homogeneous adsorbent surfaces with a finite number of binding sites, 

equivalent sorption energies, and no interactions between adsorbed species (Langmuir, 

1916). The linear form of Langmuir equation is given by the following Equation (3.9): 

 

𝑪𝒆
𝒒𝒆
=

𝟏

𝑲𝑳𝒒𝒎𝒂𝒙
+

𝟏

𝒒𝒎𝒂𝒙
𝑪𝒆 

(3.9) 

 

Where qmax (mg/g) is the maximum adsorption capacity for the solid phase loading; 

KL (L/mg) is the Langmuir constant related to the affinity of binding sites. Besides, 

separation factor, RL, can provide essential information about the feasibility of the 

adsorption process. The adsorption process is unfavourable if RL > 1, linear if RL = 1, 

favourable if 0 < RL < 1, and irreversible if RL < 0, and The RL value is determined 

using Equation (3.10).  

 

𝑹𝑳 =
𝟏

𝟏 + (𝟏 +𝑲𝑳𝑪𝒐)
 

(3.10) 

 

Additionally, Freundlich model is based on an assumption that adsorption occurs as 

multilayer coverage of adsorbate over heterogeneous surfaces (Freundlich, 1907). The 

linearized Freundlich empirical equation is expressed as shown in Equation (3.11). 
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𝒍𝒏 𝒒𝒆 = 𝒍𝒏𝑲𝑭  +
𝟏

𝒏
𝒍𝒏𝑪𝒆 

(3.11) 

 

Where KF (L/g) represents the Freundlich constant, related to the adsorption capacity 

of the adsorbent; n is the constant which shows the strength of the adsorption in the 

adsorption process. The value of 1/n implies the characteristic of adsorption process. 

The adsorption process is normal when 1/n <1, cooperative adsorption when 1/n > 1 

and adsorption process shows that the partition between the two phases are 

independent of the concentration when 1/n = 1. 

 

Moreover, Temkin model described that there is indirect adsorbate-adsorbate 

interaction for adsorption (Temkin and Pyzhev, 1940). The Temkin model in linear 

form is shown in Equation (3.12). 

 

 𝒒𝒆 = 𝑩𝒍𝒏𝑨𝑻 +𝑩 𝒍𝒏𝑪𝒆 (3.12) 

𝑩 = 
𝑹𝑻

𝒃𝑻
 

(3.13) 

 

Where R is the universal gas constant (8.314 J/ mol.K); B and bT  are the Temkin 

constants related to the heat of adsorption (J/mol); T is the absolute temperature (K); 

AT  is the Temkin isotherm equilibrium binding constant (L/g).  

 

Lastly, Dubinin-Radushkevich model is commonly used to express the adsorption 

mechanism with a Gaussian energy distribution onto a heterogeneous surface. The 

isotherm can be described by Equation (3.14), whereby the ԑ constant parameter was 

shown in Equation (3.15). 

 

𝒍𝒏  𝒒𝒆 = 𝐥𝐧 𝒒𝒔 −𝜷 𝜺
𝟐  (3.14) 

 𝜺 = 𝑹𝑻 𝐥𝐧 (𝟏 +
𝟏

𝑪𝒆
) 

(3.15) 
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Where qs is the saturation adsorption capacity (mg/g); ԑ is the isotherm constant which 

can be calculated as shown below. β is the Dubinin-Radushkevich isotherm constant 

(mol2/kJ2); E is the mean free energy (kJ/mol), which can be computed by the Equation 

(3.16).  

𝑬 =
𝟏

√𝟐𝜷

(3.16) 

3.12.3     Adsorption kinetics study 

To further investigate the adsorption mechanism, adsorption kinetic study were 

performed to elucidate the dynamics of the adsorption process in terms of the rate 

constant (k) and equilibrium adsorption capacity (qe). In this study, the adsorption 

mechanism was analyzed by using pseudo-first-order and pseudo-second-order 

models. These kinetic models can provide valuable information affecting the rate of 

reaction, such as diffusion mechanisms and chemical reaction (Noorimotlagh et al., 

2019).  

Pseudo-first-order model assumed that the rate-limiting step is a physical adsorption 

process that involve in Van der Waals force, π-π interactions and hydrogen bonding 

between the adsorbate and adsorbent (Lagergren, 1898). The pseudo-first-order model 

is expressed in Equation (3.17): 

𝒍𝒏 (𝒒𝒆−  𝒒𝒕) = 𝒍𝒏 𝒒𝒆 −𝒌𝟏𝒕 (3.17) 

Where k1 is the pseudo-first-order rate constant (1/min). The graph of ln (qe-qt) against 

t gives a linear relationship, from which k1 and qe can be computed from the slope and 

intercept of the plot respectively.  
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On the other hand, pseudo-second-order model presumed that the rate-limiting step is 

a chemisorption that occurs via the sharing or exchange of electrons between the 

adsorbent and adsorbate  (Ho and McKay, 1999). The pseudo-first-order can be 

expressed in Equation (3.18): 

 

𝒕

𝒒𝒕
=

𝟏

𝒌𝟐𝒒𝒆
𝟐
−
𝟏

𝒒𝒆
𝒕 

(3.18) 

 

Where k2 represents the pseudo-second-order rate constant (g/mg.min). The values of 

qe and k2 can be determined from the slope and intercept of the linear plot of t/q t versus 

t.  

 

3.12.4     Thermodynamic studies 

In order to further analyze the effect of temperature on the adsorption process, 

thermodynamic study involving Gibbs free energy (∆Gº), enthalpy (∆Hº), and entropy 

(∆Sº) were determined. These thermodynamic parameters were computed by using the 

mathematical relations expressed in Equation (3.19) to Equation (3.22): 

 

∆𝑮 = −𝑹𝑻𝐥𝐧𝑲 (3.19) 

𝑲 =
𝒒𝒆
𝑪𝒆

 (3.20) 

𝒍𝒏 𝑲 =
∆𝑺°

𝑹
−
∆𝑯°

𝑹𝑻
 (3.21) 

∆𝑮 = ∆𝑯− ∆𝑺𝑻 (3.22) 

 

Where K represents the equilibrium constant, and T is the temperature (K). A plot of 

∆Gº against T was plotted, and the values of ∆Hº and ∆Sº can be determined from the 

intercept and slope of the linear plot respectively.  
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3.13      Desorption studies for BP/PVA membrane and JP-immobilized 

BP/PVA membrane. 

Desorption studies were performed to examine and compare the MB dye degradation 

reactions on both types of membranes. Both JP-immobilized BP/PVA membrane and 

BP/PVA membrane saturated with 10 mg/L of MB dye were placed in separate beakers 

with 100 mL of absolute ethanol as desorption medium. Both beakers were constantly 

stirred for 2 hours at 120 rpm. The desorption efficiency (D%) was evaluated by using 

Equation (3.23). 

𝑫% =
𝒒𝒅
𝒒 
× 𝟏𝟎𝟎% (3.23) 

 

Where qd (mg/g) is the amount of MB dye desorbed and q (mg/g) is the amount of MB 

dye adsorbed on the membranes.  

     

3.14      Potential study of MB dye removal using immobilized JP membranes in 

continuous mode 

In order to determine the feasibility of JP-immobilized BP/PVA membrane for 

continuous MB dye removal, the experiments were performed in the customized mult i-

stage membrane column as shown in Fig. 3.5. In this study, single column (Fig. 3.5 

(a)), and double columns (Fig. 3.5(b)) were used for investigation of dye removal 

efficiency under continuous mode. In this section, a preliminary study for continuous 

dye removal using immobilized JP membrane was conducted. The single factor 

approach was applied to investigate the effect of flow rate on the continuous dye 

removal efficiency. The beakers were filled with 500 mL of MB dye solution, which 

was prepared with phosphate buffer solution (0.1 M and pH 6), and addition of a given 

H2O2 concentration.  The dye solution was passed through the column using a 

peristaltic pump at with the flow rate ranges from 0.5 mL/min to 2 mL/min. At the 

completion of the process, the final absorbance of the reaction mixture was measured 

by using UV-spectrophotometer at 665 nm.  
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Fig. 3.5: Diagram of (a) single column and (b) double  columns for continuous MB 

dye removal using immobilized JP membranes.     
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3.15      Characterization and analytical techniques  

In this research study, several characterization and analytical techniques were used to 

examine the surface structure and the chemical composition of the samples, includ ing 

MWCNT, BP/PVA membranes and JP-immobilized BP/PVA membranes. Field 

Emission Scanning Electron Microscope (FESEM) (Brand: FEI Quanta. Model: 400) 

was used to characterize the surface morphologies of the samples at magnifications up 

to 120,000x. Moreover, the FESEM was coupled with Energy dispersive X-ray 

spectroscopy (EDX), which can identify the elemental compositions of the samples. 

Besides, Fourier Transform Infrared (FTIR) spectrometer (Brand: Perkin Elmer. 

Model: Spectrum 2000) was used to evaluate the surface structure and functiona l 

groups of the samples. Also, FTIR spectra of JP-immobilized BP/PVA membrane 

before and after MB dye adsorption were also conducted. In addition, the thermal 

stability of the samples was analyzed by using Thermogravimetric analysis (TGA) 

(Brand: Perkin Elmer. Model: Pyris diamond TG/DTA). In current research, TGA 

analysis was performed in the temperature range from 25ºC to 900ºC with the heating 

rate of 10ºC/min in a high purity of nitrogen gas flow of 100 ml/min. Also, the 

hydrodynamic size and zeta potential of aqueous MWCNT suspensions were 

determined by using Zetasizer nano particle analyser (Brand: Malvern Zetasizer. 

Model: Nano series, NanoZS). The zeta potential test was performed by first dispersing 

0.2 mg of the samples in distilled water, followed by ultrasonication for 30 min at 40 

W. Fluorescence microscope (Brand: Thomas Scientific. Model: EXC-350 Series) was 

used to study the properties of the materials by using phosphorescence and 

fluorescence.  
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

 

4.1     Introduction 

In this research, pristine multi-walled carbon nanotube (MWCNT) was functionalized 

by acid treatment method to overcome the limitations of pristine MWCNT. Various 

characterization studies, such as EDX, FESEM, FTIR, TGA, and zeta potential 

analysis were performed to study the surface morphology, chemical composition, and 

thermal stability of both as-synthesized and functionalized MWCNT (f-MWCNT). 

Next, the f-MWCNT BP/PVA membrane was synthesized via vacuum infiltra t ion 

method, followed by the immobilization of jicama peroxidase (JP) on the membrane 

support. The biocompatibility of JP with BP/PVA membrane was characterized based 

on its structure, function and behaviour by using FESEM, EDX, FTIR, and TGA. Next, 

the statistical optimization of process parameters, including pH, initial enzyme 

loading, and immobilization time, on enzyme immobilization efficiency were 

investigated using response surface methodology (RSM) under face-centred central 

composite design (FCCCD). Besides, the operational and storage stabilities of free and 

immobilized JP were analyzed and compared. Subsequently, the statistica l 

optimization studies of immobilized JP for MB dye treatment under batch and column 

studies were conducted. Moreover, the kinetic parameters of free and immobilized JP 

for dye removal were studied and compared. Additionally, the studies on adsorption 

kinetic, adsorption isotherm, and thermodynamic studies on the MB dye removal using 

BP/PVA membrane and JP-immobilized BP/PVA membrane were investigated in this 

chapter. Lastly, characterization studies, such as fluorescence microscopy, FTIR, and 

FESEM, was performed to validate the effective MB dye removal using immobil ized 

JP. 
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4.2     Functionalization and characterization MWCNTs  

MWCNTs have great potential in various applications due to their extraordinary 

physical, thermal and mechanical properties. However, the known shortcomings, such 

as hydrophobic nature, poor solubility and dispersibility in most solvents has impeded 

the technology to further develop (Sadegh et al., 2019). To develop an effic ient 

peroxidase immobilization support materials, surface modification of MWCNT was 

performed. In this section, characterization studies of f-MWCNT, such as FESEM, 

EDX, FTIR and Zetasizer nano particle analyser, were carried out to investigate the 

structure and properties of MWCNT after surface functionalization. Fig. 4.1 showed 

the diagram of acid functionalization of MWCNT.  

 

Fig. 4.1: Diagram of functionalization of MWCNT through acid treatment. 

 

4.2.1     Dispersion test     

One of the most commonly used methods to investigate the dispersion capability of 

MWCNTs is via dispersion test. It is because this technique can provide fast, cheap, 

and reliable results. Fig. 4.2 depicted the dispersion tests of both as-synthesized and 

functionalized MWCNT samples in ethanol solution separately after 8 hours. Based 

on the experimental results obtained, f-MWCNT (Sample b) showed better 

dispersibility than the as-synthesized MWCNT (Sample a). This is due to the 

generation of oxygenated functional groups and the removal of impurities on the 

surface of f-MWCNT after the functionalization process (Glomstad et al., 2018). 

Besides, functionalization of MWCNT also reduces the Van der Waals interactions 
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among themselves, and thus it showed minimal flocculation even after a long period 

in the aqueous solution (Chen et al., 2016). Conversely, agglomeration of as-

synthesized MWCNTs was observed after some times, due to the hydrophobicity of 

MWCNTs sidewalls and strong π - π interaction between the individual tubes (Yu et 

al., 2015). The low dispersibility of as-synthesized MWCNT in aqueous solution could 

result in the lack of available surface sites for enzyme immobilization (Ranjan et al., 

2019, Ong and Annuar, 2018).  

 

Fig. 4.2: Dispersion tests of (a) as-synthesized MWCNT, and (b) functionalized 

MWCNT.  

 

4.2.2     FESEM analysis 

The structural and surface morphology of the MWCNT samples were analyzed by 

using FESEM. Fig. 4.3 displayed the FESEM images of both as-synthesized MWCNT 

and f-MWCNT samples with magnification scale of 500 nm. It can be observed that 

there are significant changes on the structures of the MWCNT samples after acid 

treatment. As-synthesized MWCNT has a smoother surface with bungles of tangled 

tubes on its surface. Also, it can be clearly seen that there were many impurities on the 

surface of as-synthesized MWCNT (Hu et al., 2016, Shanmugam et al., 2016). On the 

other hand, Fig. 4.3(b) showed that the f-MWCNT have rougher surface structures 

after acid treatment. The roughness on the surface of MWCNT sample might be due 
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to the defect sites formed due to the attachment of oxygenated functional groups on 

the surface of MWCNT after acid functionalization (Turgunov and Hyo Noh, 2017, 

Ahmed et al., 2013). Moreover, there were no obvious presence of impurities trace in 

both f-MWCNT due to the oxidation during the acid treatment. These observations 

were in accordance with the results reported by Turgunov and Hyo Noh (2017). 

Fig. 4.3: FESEM images of (a) as-synthesized MWCNT and (b) acid-

functionalized MWCNT under magnifications of 120,000 x (500 nm). 

4.2.3    EDX analysis 

EDX analysis was used to identify the quantitative amounts of different elements 

present in as-synthesized MWCNT and f-MWCNT. Results revealed that pristine 

MWCNT have some presence of inorganic and metal impurities, such as calcium (Ca), 

phosphate (P), magnesium (Mg), potassium (K) and iron (Fe). After acid 

functionalization, f-MWCNT exhibited higher intensity of oxygen content due to 

generation of oxygenated functional groups after surface modification (Xia et al., 

2016). EDX result also revealed that there is no detection of metal impurities in f-

MWCNT. These results are in good agreement with the colloidal dispersion and 

FESEM test as discussed in the previous section. Similar results had been reported by 

(Dong et al., 2013, Turgunov and Hyo Noh, 2017). Fig. 4.4 illustrated the EDX results 

of both as-synthesized and acid f-MWCNT, with their respective quantitative weight 

values.  
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Fig. 4.4: EDX analysis of (a) as-synthesized MWCNT and (b) f-MWCNT. 

 

4.2.4     FTIR analysis  

FTIR analysis was performed to determine the functional groups present on the surface 

of MWCNT before and after acid treatment. Fig. 4.5 illustrated the FTIR spectrum for 

as-synthesized and acid f-MWCNT in the range between 500 cm-1 to 4000 cm-1. Fig. 

4.5(a) demonstrated that the FTIR spectra of as-synthesized MWCNT have shown 

some weak peaks, which are C-O stretch at 1190 – 1400 cm-1, C-H stretch at 2850 – 

2950 cm-1 and O-H groups at 2500 – 3450 cm-1. The presence of hydroxyl groups on 

the surface of as-synthesized MWCNT were due to the partial oxidation of the 

MWCNT surfaces during the purification process (Mubarak et al., 2014a). In addition, 

both as-synthesized and f-MWCNT samples show the presence of C=C stretches 

MWCNT stretching aromatic mode at 1320 - 1540 cm-1. This revealed that the 
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structure of MWCNT backbone was retained even after undergoing acid treatment 

(Jun et al., 2018b).  

 

On the other hand, Fig. 4.5(b) showed the emergence of new peaks signal in the 

spectrum of f-MWCNT after acid treatment. The presence of C-O, C=O and O-H 

bonds in f-MWCNT were detected with intensive peaks at 1019 – 1308 cm-1, 1670 - 

1760 cm-1, and 2501 – 3610 cm-1 respectively. These peaks indicated that the surface 

of MWCNT generates more polar groups after acid treatment, such as carbonyl, 

carboxylic, and hydroxyl groups (Guadagno et al., 2018). The results were in good 

agreement with previous analysis results, which also reported that a higher density of 

oxygenated functional groups can be found on the surface functionalized MWCNT 

(Ahmad Zawawi et al., 2016, Avilés et al., 2009, Saleh, 2011).  

 

Fig. 4.5: FTIR spectrum of (a) as-synthesized MWCNT and (b) f-MWCNT. 
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4.2.5     TGA analysis 

TGA analysis was carried out to examine the purity of the MWCNT. Fig. 4.6 

illustrated the TGA curves corresponding to the mass loss of as-synthesized MWCNT 

and f-MWCNT with respect to the temperatures, from 25ºC to 900ºC at 10ºC min-1 . 

The weight of the as-synthesized MWCNT decreased slightly with increasing 

temperature from 50ºC to 450ºC. The initial weight loss of as-synthesized MWCNT 

was insignificant due to its structural stability (Yañez-Macias et al., 2019). At the 

temperature range between 480ºC and 620ºC, the weight of the as-synthesized 

MWCNT decreased sharply due to the oxidation of MWCNT. TGA curve showed that 

the f-MWCNT decomposed earlier than the as-synthesized MWCNT due to the 

generation of oxygenated functional groups on the f-MWCNT surface. These 

oxygenated functional groups were more reactive to oxygen, resulting in the earlier 

combustion of the sample at lower temperature (Buang et al., 2012).  

 

Generally, the thermal degradation of f-MWCNT occurred in multistage processes. In 

the first stage, the initial weight loss of MWCNT at the temperature range of 50ºC to 

150ºC, was caused by the evaporation of water (Castro et al., 2017). Followed by the 

second stage, the mass reduction of f-MWCNT from 150ºC to 350ºC signify the 

decarboxylation of functional groups generated in the acid treatments (U. Qadir et al., 

2016, Rehman et al., 2013). At the third stage, the weight loss of f-MWCNT from 

350ºC to 450ºC were attributed to the oxidation of amorphous carbon and elimina tion 

of metal impurities from the catalyst support (Mujawar et al., 2014, Shokry et al., 

2014). Subsequently, the mass of f-MWCNT reduced steadily from 450ºC to 700ºC 

due to the decomposition of MWCNT (Thi Mai Hoa, 2018). At the final stage, both 

as-synthesized MWCNT and f-MWCNT exhibit in flat profile at the temperature 

above 620ºC and 700ºC respectively. This indicated that both MWCNT samples 

remained as residue after their onset temperatures as they were no longer volatile  

(Rasana et al., 2019). The results obtained for the thermal decomposition behaviours 

were similar to the previous studies (Jimeno et al., 2009, Naseh et al., 2010, Mujawar 

et al., 2014). 
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Fig. 4.6: TGA curves of as-synthesized MWCNT and f-MWCNT. 

 

4.2.6     Hydrodynamic size and zeta potential analysis 

For a better understanding of the dispersive effect of MWCNT samples in aqueous 

suspensions, dynamic light scattering measurement was used to measure their 

hydrodynamic size and zeta potential. Generally, as-synthesized MWCNTs show 

higher tendency to self-aggregation, owing to their high hydrophobicity nature, as well 

as well the strong Van der Waals interactions in most solvent (Punetha et al., 2017, 

Liu et al., 2017). Hence, surface modification of MWCNT is required to overcome the 

limitation of pristine MWCNT by altering its surface properties. The superior 

dispersibility and colloidal stability of MWCNT in solvents are crucial for their 

practical use in various industrial applications (Abo-Hamad et al., 2017, Sadri et al., 

2017).  

 

Fig. 4.7 illustrated the zeta potential and hydrodynamic size of both as-synthesized 

and f-MWCNT. The average hydrodynamic diameter of as-synthesized MWCNT and 
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f-MWCNT were 371.3 nm and 158.1 nm respectively. The decrease of hydrodynamic 

size implied that surface modification of MWCNT would benefit size homogene ity, 

and thus enhanced the dispersibility of MWCNT in solvent (Cheng et al., 2011). 

Moreover, zeta potential measurements were performed by measuring the surface 

potential of MWCNT for evaluating their colloidal stability. The results showed that 

the f-MWNCTs exhibit higher zeta potential absolute values (-27.3 mV) as compared 

to as-synthesized MWCNT (-5.01 mV). This indicates that the surface of the f-

MWCNT possessed more negative charges than as-synthesized MWNCTs due to the 

presence of oxygen-containing groups such carbonyl, carboxyl and hydroxyl groups 

as revealed in FTIR spectra (Hamilton et al., 2013). Therefore, these f-MWCNT have 

higher dispersibility and stability in water, as well as higher functionality degree of 

functionalized MWCNT (Kanbur and Küçükyavuz, 2011, Jun et al., 2018c).  

 

Fig. 4.7: Hydrodynamic size and zeta potential of as-synthesized MWCNT and 

f-MWCNT.  
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4.3     Immobilization of JP on BP/PVA membrane  

BP/PVA membrane was successfully synthesized based on the method described in 

Chapter 3. Fig. 4.8 showed the images of a free-standing BP/PVA membrane, with 

diameter of 3.5 ± 0.1 cm. 

 

Fig. 4.8: Free-standing buckypaper/polyvinyl alcohol membrane.  

 

The synthesized BP/PVA membrane was then employed as a support material for 

immobilization of JP enzyme. Based on the experimental results, the free enzyme has 

an average activity of 1.40 U/mL, protein concentration of 2.92 mg/mL and specific 

activity of 0.48 U/mg. Similar results were reported by Chiong et al. (2016a), where 

1.22 U/mL JP was extracted from the jicama skin peels. The free enzyme was then 

covalently bound to BP/PVA membrane support by using glutaraldehyde as the 

crosslinking agent. Fig. 4.9 showed the schematic representation for the 

immobilization of jicama peroxidase onto the BP/PVA membrane. 
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Fig. 4.9: Schematic illustration of the chemistry of the preparation of JP-

immobilized BP/PVA membrane via covalent binding (Jua et al., 2020a).  

 

4.3.1     Statistical optimization for enzyme immobilization efficiency 

The optimization of enzyme immobilization efficiency was performed by using RSM 

under FCCCD. A second order quadratic regression surface model was fitted to the 

experimental results to obtain the predicted result of the enzyme immobiliza t ion 

efficiency. The relationship between the experimental variables and response are fitted 

to a quadratic polynomial equation as shown in Equation (4.1): 

 

𝑬𝒏𝒛𝒚𝒎𝒆 𝒊𝒎𝒎𝒐𝒃𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚

= +𝟕𝟐.𝟕𝟑 − 𝟐.𝟏𝟑 𝑨− 𝟔. 𝟒𝟕 𝑩+ 𝟏. 𝟒𝟒 𝑪+ 𝟏.𝟒𝟐 𝑨𝑩

+ 𝟎.𝟎𝟑𝟏𝟒 𝑨𝑪− 𝟎.𝟐𝟏𝟎𝟒 𝑩𝑪− 𝟖.𝟎𝟓 𝑨𝟐+ 𝟑.𝟒𝟓 𝑩𝟐

− 𝟗.𝟑𝟏𝑪𝟐 

 

(4.1) 

Where the enzyme immobilization efficiency is a function of pH (A), initial enzyme 

loading (B) and immobilization time (C). 

The result of the Analysis of variance (ANOVA) is as depicted in Table 4.1. ANOVA 

was performed to determine the significance of the model by checking several criteria, 
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such as F-values, p-values, lack of fit test and regression coefficient values. P-values 

lower than 0.05 indicate that model terms are significant. A high model F-value of 

72.19 and a low model p-value of <0.0001 indicated that there is only a 0.01% 

probability that a model with F-value this large could happen owing to noise and these 

values indicate that the model is significant. The model also depicted a non-significant 

lack of fit behavior with a p-value of 77.69 % which shows that the experimental data 

fits well with the model used. 

Table 4.1: ANOVA for enzyme immobilization efficiency. 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value

Model 1167.30 9 129.70 72.19 < 0.0001 Significant 

A - pH 45.54 1 45.54 25.35 0.0024 

B - Initial Enzyme 

Loading 

418.54 1 418.54 232.96 < 0.0001 

C - Immobilization 

Time 

20.87 1 20.87 11.61 0.0144 

AB 16.19 1 16.19 9.01 0.0240 

AC 0.0079 1 0.0079 0.0044 0.9493 

BC 0.3542 1 0.3542 0.1971 0.6726 

A² 171.01 1 171.01 95.19 < 0.0001 

B² 31.46 1 31.46 17.51 0.0058 

C² 228.67 1 228.67 127.28 < 0.0001 

Residual 10.78 6 1.80 

Lack of Fit 7.77 5 1.55 0.5172 0.7769 Insignificant 

Pure error 3.01 1 3.01 

Cor total 1178.08 15 

Additionally, the determination coefficient, R2 was evaluated as 0.9909, and the 

adjusted R2 was 0.9771. Both values were closed to 1, which displayed a relative ly 

high degree of correlation between the actual and predicted responses. The predicted 
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R2 of 0.9556 was in reasonable agreement with the adjusted R2, as the difference is 

less than 0.2. Generally, a ratio larger than 4 is preferred for the precise signal to noise 

ratio in a model. In this study, the ratio was found to be 30.47, which indicated a good 

signal to noise ratio balance which is sufficient to maneuver through the design space. 

Fig. 4.10  presents the predicted values versus actual values plot for enzyme 

immobilization efficiency. The result indicated that the results of model prediction 

were close to the actual experimental values. Thus, the developed model was proved 

to be a effective platform to bridge the correlation between process parameters to the 

enzyme immobilization efficiency (Mubarak et al., 2013, Mubarak et al., 2015).  

 

Fig. 4.10: The plot of relationship between predicted and actual values of enzyme 

immobilization efficiency. 

4.3.2     Effect of process parameters on enzyme immobilization efficiency 

The response surface plots are the geometrical representation of the regression 

equation, which are useful for determining the optimum values of the variables (Jang 
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et al., 2017). Besides, response surface plots can also further explain the relationship 

between the two independent variables and the responses. The 2D contour plots and 

3D surface plots for the interaction between the process parameters on enzyme 

immobilization efficiency are presented in Fig. 4.11.  

 

Fig. 4.11 (a) portrays the 2D and 3D response surface plots for the effects of pH and 

initial enzyme loading on the immobilization efficiency of peroxiadse on BP/PVA 

membrane. Based on the statistical analysis, Fig. 4.11 (a) shows an increment in 

enzyme immobilization efficiency with the increase of pH range. The maximum 

enzyme immobilization efficiency of 83% was reached at pH 5 at constant init ia l 

enzyme loading of 0.1 U/mL and immobilization time of 135 min. However, a further 

increase in pH showed decrease in immobilization efficiency. This might be due to the 

change in the enzyme protein structures under these pH conditions (Azevedo et al., 

2015, Olloqui-Sariego et al., 2019). Besides, the electrostatic interactions between 

peroxidase and BP/PVA membrane supports are strongly dependent on their charge  

(Xie et al., 2019). Thus, it is evident that the pH had a notable impact on the enzyme 

immobilization efficiency (Eskandarloo and Abbaspourrad, 2018, Thenmozhi and 

Narayanan, 2017). 

 

The 2D contour plot and 3D interaction plot between pH and enzyme immobiliza t ion 

time were denoted in Fig. 4.11 (b).  Both response surface plots which showed almost 

perfectly elliptical, indicated a good interaction between enzyme immobilization time 

and pH. It was observed that the maximum enzyme immobilization efficiency of 82% 

was achieved when both the immobilization time and pH were at their centre point.  

Nevertheless, the immobilization efficiency decreased as the time was prolonged 

beyond 150 min. The enzyme immobilization efficiency decreased linearly when the 

reaction time was prolonged beyond 150 min. This finding might due to the saturation 

of support material with immobilized peroxidase by 150 min (Li et al., 2019). Thus, 

the further increase in the immobilization time will cause the increase in steric 

hindrance to the immobilized enzyme molecules, and resulting in the reduction of 

enzyme immobilization efficiency (Bilal and Iqbal, 2019a). In brief, an ideal enzyme 
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immobilization time is important to achieve maximum enzyme immobiliza t ion 

efficiency (Mei et al., 2019).  

 

Additionally, Fig. 4.11 (c) depicts the 2D contour plot and 3D response surface for the 

enzyme immobilization efficiency as a function of initial enzyme loading  and 

immobilization time. The maximum enzyme immobilization efficiency was attained 

at 150 min and approximately 0.13 U/mL. Results showed that the low initial enzyme 

loading of 0.1 U/mL was sufficient to cover all the pore sites on the surface of the 

BP/PVA membrane. A similar phenomenon was previously reported by Ranjan et al. 

(2019), who found that the low initial enzyme concentration can enhance the bonding 

between cyanase enzyme and magnetic MWCNT support material, resulting in higher 

the enzyme immobilization yield. Conversely, Fig. 4.11 (a) and Fig. 4.11 (c) indicated 

that the immobilization efficiency started to decrease with further increase in enzyme 

loading. This finding might be ascribed to the fact that the immobilization sites reached 

its saturation level (Yu et al., 2019). The decrease in the immobilization efficiency 

might due to the intermolecular steric hindrace caused by the excessive enzyme 

loading. This was also reported by Pramparo et al. (2010), who found that a higher 

amount of free enzyme loading caused a decrease in coupling yield as they were not 

bonded to the surface of the support materials. Hence, the excess enzymes will be 

washed off during the immobilization process, resulting in higher filtration resistances 

and waste of enzymes (Luo et al., 2014). Therefore, a reasonable amount of init ia l 

enzyme loading should be applied in order to obtain the highest enzyme 

immobilization efficiency (Gür et al., 2018). 
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Fig. 4.11: 2D contour plots and 3D response surface plots for enzyme 

immobilization efficiency as a function of (a) pH and initial enzyme loading; (b) 

pH and immobilization time; (c) Initial enzyme loading and immobilization time. 
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4.3.3     Process optimization and model validation 

The RSM numerical optimization method was used to determine the optimal operating 

conditions for enzyme immobilization efficiency. The desirability of the optimal 

solutions was found to be 1.0, which implies the accuracy between the experimenta l 

results and theoretical results. Based on the results obtained, the optimum conditions 

for the enzyme immobilization efficiency were obtained at pH 6, 0.13 U/mL of init ia l 

enzyme loading for 130 min immobilization time, with maximum enzyme 

immobilization efficiency of 81.74%. From the optimized conditions, three replicates 

of the experiments were performed to verify the prediction. A comparison was made 

between the experimental data and model predictions for the enzyme immobiliza t ion 

efficiency. The average immobilization efficiency obtained from experimental results 

was 81.03%, which was very close to the predicted value by the model (81.74%). 

Therefore, it confirmed the validity of the predicted models.  

 

In short, the jicama peroxidase has successfully immobilized onto the BP/PVA 

membrane, with a high enzyme loading capacity of 217 mg/g. BP/PVA membrane 

exhibits as promising support material due to its large surface area to volume ratio, 

highly porous structure, and strong electrostatic interactions between the JP and its 

membrane. Table 4.2 summarizes the comparison of peroxidase immobiliza t ion 

efficiency and protein loading on various support materials. Notably, enzyme 

immobilization on nano-structured support materials can achieve higher enzyme 

loading and immobilization efficiency as compared to the conventional support 

materials (Wong et al., 2019, Adeel et al., 2018b).  
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Table 4.2: Comparison of the peroxidase immobilization efficiency and protein 

loading on different support materials. 

Enzymes Supports Immobilization 

Efficiency 

 (%) 

Protein 

content 

(mg/g 

dry 

support) 

References 

HRP Kaolinite  35.5 1.7 (Kim et al., 

2012) 

HRP Vermiculite 56.2 2.6 (Kim et al., 

2012) 

HRP Montmorillonite  66.0 3.1 (Kim et al., 

2012) 

HRP Polyimide-MWCNT 

nanofibers 

- 7.9 (Zhang et al., 

2014) 

HRP Chitosan-Halloysite 

hybrid-nanotubes 

- 21.5 (Zhai et al., 

2013) 

HRP Mesoporous silicate, 

SBA-16 

57.0 62.0 (El-Nahass et 

al., 2018) 

HRP Magnetic composite 

microspheres 

- 139.8  (Xie et al., 

2019) 

HRP ZnO 

nanowires/macroporous 

SiO2 

75.3 161.3 (Sun et al., 

2017) 

HRP Amid-hydrazine acrylic 

fabrics 

85.0 170 (Almulaiky et 

al., 2019) 

HRP Tin dioxide (SnO2) 

hollow nanotube 

77.6 181.0 (Anwar et al., 

2017) 

JP BP/PVA 81.0 217.3 Present study 
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4.4     Comparison of operational and storage stabilities between free and 

immobilized peroxidases 

4.4.1     Effect of temperature on free and immobilized peroxidases 

The impact of temperature on relative activities of free and immobilized peroxidase 

was examined and shown in Fig. 4.12. The temperature for optimum relative activit ies 

for both free and immobilized enzymes are at 30ºC. The immobilized peroxidase can 

retain more than 80% of its relative activity from 30 to 40ºC. The strong and stable 

binding of peroxidase with BP/PVA membrane support prevents the conformationa l 

changes of enzymes under extreme temperature conditions. Thus, the improved heat 

resistance of immobilized enzyme can resist the enzyme denaturation imposed by the 

extreme heat (Bayramoglu et al., 2012, Sun et al., 2017, Chang et al., 2015). In contrast, the 

relative activity of free enzyme declined drastically when the temperatures were above 

40ºC. The loss in enzymatic activity of free enzymes at high temperatures was caused 

by structural denaturation of enzymes (Bilal et al., 2017).  

 

Fig. 4.12: Effect of temperature on the relative activity of (a) free and (b) 

immobilized peroxidases at pH 7.  
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4.4.2     Effect of pH on free and immobilized peroxidases 

pH is one of the significant factor for enzyme driven reactions, and enzyme 

immobilization process (Besharati Vineh et al., 2018b). Fig. 4.13 depicted the effect 

of pH on the relative activities of free and immobilized peroxidases. Both free and 

immobilized peroxidase showed that their highest relative activities were achieved at 

pH 7. Besides, immobilized JP can retain more than 80% of its activity after incubation 

at pH conditions of 5 to 10. Conversely, free enzyme loses more than 50% of its 

enzymatic activity at pH lower than 5 and pH above 10. Overall, immobilized JP 

exhibited higher enzymatic activity over a wider range of pH compared to that of free 

enzyme. The increase in pH stability of immobilized JP is due to the strong covalent 

attachment of the enzyme molecules to the support matrix. The strong intermolecular 

forces cause the immobilized enzymes highly resistant towards the environmental PH 

changes (Sun et al., 2017, Ahmad and Khare, 2018). Immobilized enzymes have better 

acidic and alkaline tolerance stability, making it useful for diverse applications. Our 

findings were in good agreements with the previous studies (Li et al., 2017b, Ai et al., 

2016, Zhang and Cai, 2019). 

Fig. 4.13: Effect of pH on the relative activity of (a) free and (b) immobilized 

peroxidases at 30ºC.  



Chapter 4 Results and Discussion  

 

100 
 

 

4.4.3     Thermal stability of free and immobilized peroxidases 

Fig. 4.14 shows the comparison of thermal stabilities of free and immobilized enzymes 

in term of the relative activities at 50ºC. Results showed that the immobilized JP 

retained 45% of its relative activities at 90 min, while free enzyme experienced a huge 

loss of its activity under similar operating parameters. The strong covalent interaction 

between the enzyme molecules to the BP/PVA membrane support improved the 

thermal stability of immobilized enzymes (Almulaiky and Al-Harbi, 2019). The strong 

covalent bonding restricts the protein mobility at high temperatures, imparting rigid ity 

to the enzyme structure and prevent the enzyme from denaturation (Sun et al., 2017). 

Thus, these results demonstrated that the thermal stability of peroxidase was 

significantly improved after immobilized onto the BP/PVA membrane. Besides, 

previous studies also confirmed the enhancement of thermal stability of enzymes after 

immobilization (Li et al., 2017b, Xie et al., 2019). 

 

Fig. 4.14: Thermal stabilities of (a) free and (b) immobilized peroxidases at 50ºC 

for 90 min. 
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4.4.4     Storage stability of free and immobilized peroxidases 

Fig. 4.15 presents the long-term stabilities of the free and immobilized enzyme activity 

at 4ºC for 5 weeks. After 35 days, the free peroxidase almost lost all of its origina l 

activity, whereas its immobilized counterpart could retain 81% of its initial activity. 

Therefore, the JP-immobilized BP/PVA membrane has demonstrated longer storage 

lifetime as compared to free enzyme. The enhancement in storage stability is attributed 

to the interaction between the enzyme and its support material, which provide a 

stabilizing effect and reduce the molecular mobility of the enzyme (Wang et al., 

2019a). Moreover, the binding of peroxidase on BP/PVA membrane can resist 

conformational changes and minimize distortion on the active sites of enzyme imposed 

from the aqueous medium  (Lu et al., 2017). 

 

Fig. 4.15: Storage stabilities of free and immobilized peroxidases at 4ºC for 5 

weeks.  
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4.5     Characterization of BP/PVA membrane and immobilized JP membrane 

To evaluate and confirm the biocompatibility of JP and BP/PVA membrane, a number 

of characterization studies were conducted, including FESEM, EDX, FTIR, and TGA. 

FESEM coupled with EDX was used to examine the surface morphologies and 

elemental compositions of both membranes. Additionally, FTIR spectroscopy was 

used to analyze the functional groups of the membranes. Lastly, TGA was conducted 

to investigate the thermal stability, as well as to study the degradation of individua l 

compositions of the samples.  

 

4.5.1     FESEM analysis 

To elucidate the effect of immobilization of peroxidase on the membrane, FESEM 

study was conducted to study the structural and surface morphologies of the 

membranes. FESEM images of the BP, BP/PVA and JP-immobilized BP/PVA 

membranes are depicted in Fig. 4.16. From Fig. 4.16 (a-b), a fibrous structure of the 

BP with entanglements of MWCNT bundles can be observed. The images in Fig. 4.16 

(c-d) show the diameter of BP/PVA membrane was obviously thicker than the origina l 

BP membrane owing to the attachment of PVA polymer layer its surface. It was also 

observed that the surface of BP/PVA membrane was porous and smooth before 

enzyme immobilization was performed. As evidence of enzyme immobilization, Fig. 

4.16 (e-f) indicates JP-immobilized BP/PVA membrane having a rougher surface with 

more saturated pores. The highly porous membrane surface of the support can increase 

the density of enzyme loading capacity (Hosseini et al., 2018). Besides, the occurrence 

of agglomeration was primarily due to the formation of covalent bonds between the 

carboxylic groups of BP/PVA membrane and the amine group of enzymes via 

glutaraldehyde as the crosslinking agent (Mubarak et al., 2014b). The FESEM images 

confirmed the enzyme molecules were successfully attached on the surface of BP/PVA 

membrane.   
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Fig. 4.16: FESEM images of (a-b) BP, (c-d) BP/PVA and (e-f) JP-immobilized 

BP/PVA membranes under magnifications of 80,000 x (1 µm) and 120,000 x (500 

nm) respectively. 
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4.5.2     EDX analysis 

To determine the elements present on the membranes surface, both BP/PVA and JP-

immobilized BP/PVA membranes were analyzed by using EDX. The EDX results in 

Fig. 4.17 displays the presence of various elements in both the samples, which are 

carbon C, oxygen O, aluminium Al, sodium Na, and sulphur S. The result shows that 

JP-immobilized BP/PVA membrane exhibited a higher mass fraction of oxygen 

content (38.35 wt. %) as compared to the BP/PBA membrane (11.47 wt. %). Thus, the 

increased intensity of oxygen content was due to the generation of amide and aldehyde 

groups through amidination reaction during the enzyme immobilization process. 

Similar behaviour has been observed for immobilization of HRP onto iron magnetic 

nanocomposite (Mohamed et al., 2017a). Besides, Sahare et al. (2016) also reported an 

increase in oxygen content for the immobilization of HRP onto mesoporous 

silicon/silica micro-particles.  
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Fig. 4.17: EDX analysis of (a) BP/PVA membrane and (b) JP-immobilized 

BP/PVA. 

 

4.5.3     FTIR analysis 

In order to verify the immobilization of peroxidases on BP/PVA membrane, FTIR 

study with a wavelength range of 400 – 4000 cm-1 were performed. Comparison of the 

FTIR spectrum of BP, BP/PVA membrane and enzyme-immobilized BP/PVA 

membrane is illustrated in Fig. 4.18. By comparing the spectrum of BP/PVA and JP-

immobilized BP/PVA membranes, both samples spectra showed similar bands for 

several peaks. For instance, C-O stretch at 1190 – 1400 cm-1, C-C bond at 1544 cm-1, 

C=C aromatic bending at 1320 - 1550 cm-1, and C-H stretching bond at 2851  –  2919 

cm-1 (Avilés et al., 2009).  

 

Besides, the intensive peaks at 1665 – 1740 cm-1, 1055 – 1385 cm-1 and 2500 – 3610 

cm-1 were attributed to C=O, C-OH and O-H bonds respectively. The presence of these 

oxygenated functional groups, such as hydroxyl, epoxide and carboxyl groups 

indicated the effective surface functionalization of MWCNT (Papa et al., 2014, Lai et 

al., 2015). In addition, the wide peaks at 3200 – 3600 cm-1 indicated the presence of 

hydrogen-bonded hydroxyl groups of PVA in BP/PVA membrane (Malikov et al., 

2014). Moreover, the peaks at 2840 – 2920 cm-1 correspond to the stretching C-O 

bond, which represents the CH2 groups of PVA (Abdolrahimi et al., 2018). This 

suggests that the structures of PVA and MWCNT backbones were retained even after 

enzyme immobilization. 

 

After the immobilization of JP, there were few peaks with increase intensities at 1020 

- 1250 cm-1, 1520 - 1640 cm-1 and 2210 - 2260 cm-1, indicating the aliphatic amide 

bond (C-N), amide groups (O=C-NH), nitriles (C≡N) respectively (Ai et al., 2016, 

Monier et al., 2010). The presence of these acylamino groups (combination of –CHO 

and –NH2) indicates amidination reaction and confirmed the immobilization of JP on 

the BP/PVA membrane (Kishore et al., 2012). These findings were supported by 

previous studies (Wang et al., 2016b, Wang et al., 2015a, Chang and Tang, 2014). 
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Additionally, the crosslinks between functionalized BP/PVA membrane and 

glutaraldehyde are detected with an increase in the intensity of C-H band at 2850 - 

3270 cm-1 (Lu et al., 2017). Aldehyde groups were generated to the BP/PVA 

membrane through the reaction with glutaraldehyde. These aldehyde groups could 

react specifically with –OH groups on the surface of BP/PVA membrane and attached 

to the alpha-amino residues of enzymes (Dudchenko et al., 2014). Therefore, all of 

these results verified the successful immobilization of JP on the BP/PVA membrane 

support via covalent bonding.  

 

 

Fig. 4.18: FTIR spectra of BP/PVA membrane and JP-immobilized BP/PVA 

membrane. 

 

4.5.4     TGA analysis 

The immobilization of JP on BP/PVA membrane was further investigated by TGA to 

determine crystallinity, thermal stability of the membranes, as well as their 

constituents. Fig. 4.19 illustrated the TGA curves of both BP/PVA and JP-immobil ized 

BP/PVA membranes. The TGA weight loss curves for both BP/PVA and JP 

immobilized BP/PVA membranes exhibited several weight loss steps. In the init ia l 
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stage, a slight weight loss between 25ºC to 100 ºC was observed, which corresponds 

to the moisture loss for both the membranes (Das et al., 2016). The second stage (100 

to 250ºC) weight loss was due to the decomposition of carboxylic groups and grafted 

PVA side chains on the surface of both the membranes (Wei et al., 2015). As the 

temperature continued to rise, a weight loss in the range of 250 ºC to 400ºC in both 

membranes occurred due to the decomposition of functional groups and PVA 

molecules (Jun et al., 2018b, Dassios, 2012). Furthermore, the weight loss between 

400 ºC to 500ºC in both the membranes was attributed to the oxidation of MWCNT. 

In addition, the TGA curve indicated the JP immobilized BP/PVA membrane 

decomposed at a faster rate as compared to BP/PVA membrane between 250 ºC to 

350ºC. The steep and steady weight loss of JP immobilized BP/PVA membrane 

confirms enhanced thermal stability due to its highly-organized structure. The 

observed flat profiles at a temperature above 500ºC indicated that both metal catalyst 

and support are not volatile and remained as a residue after their onset temperature. At 

this stage, the remaining weight of JP-immobilized BP/PVA was higher than that of 

BP/PVA membrane. Therefore, it can be concluded that the JP-immobilized BP/PVA 

membrane has a higher JP enzyme weight fraction of approximately 2.5 wt%, as 

calculated from TGA results.  
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Fig. 4.19: TGA curves of BP/PVA membrane and JP-immobilized BP/PVA 

membrane. 

 

 

4.6     Batch treatment of MB dye using immobilized JP membrane 

In this section, the performances of JP-immobilized BP/PVA membranes for MB dye 

removal was investigated. Methylene blue (MB), a cationic dye, was chosen as a model 

dye, due to its widespread application in textile industries (Sabarinathan et al., 2019). 

The optimum process parameters for maximum MB dye degradation using 

immobilized enzyme were also examined by using RSM. The influence of reaction 

parameters studied were pH, concentration of H2O2, agitation speed, and contact time. 

Lastly, the reusability characteristics of the immobilized JP membrane were also 

studied. 

 

4.6.1     Statistical optimization for MB dye removal using immobilized JP 

membrane in batch process 

To study the optimum condition for maximum removal efficiency of MB dye, RSM 

study was conducted by using FCCCD. A total 26 sets of experiments were performed 

based on the design obtained from the DOE. The statistical significance of the RSM 

was analyzed by using ANOVA which was depicted in Table 4.3. The coded form of 

polynomial equation for the MB removal using JP-immobilized BP/PVA membrane 

is as shown in Equation (4.2):  

 

𝑴𝑩 𝒅𝒚𝒆 𝒓𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) = 

                          𝟖𝟖.𝟗𝟓− 𝟑.𝟒𝟒 𝑨+ 𝟏𝟖.𝟏𝟒 𝑩 − 𝟕. 𝟑𝟗𝑪+ 𝟏𝟎.𝟒𝟓 𝑫

− 𝟏.𝟒𝟖 𝑨𝑩+ 𝟎.𝟖𝟗 𝑨𝑪+ 𝟏.𝟐𝟑 𝑨𝑫− 𝟐.𝟗𝟐 𝑩𝑪

+ 𝟖.𝟕𝟏 𝑩𝑫−𝟑. 𝟑𝟒𝟑 𝑪𝑫−𝟏𝟓.𝟔𝟕 𝑨𝟐 − 𝟏𝟓.𝟕𝟗 𝑩𝟐

− 𝟕.𝟒𝟎 𝑪𝟐−𝟏𝟐.𝟗𝟖 𝑫𝟐 

(4.2) 

 

Where MB dye removal efficiency is the predicted response; A, B, C, and D are the 

coded value of pH, agitation speed, concentration of H2O2, and contact time 

respectively.  
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Table 4.3: ANOVA for batch MB dye removal. 

Source Sum of 

Squares 

df Mean  

Square 

F-

value 

p-value 
 

Model 21640.71 14 1545.77 36.71 < 0.0001 Significant 

A - pH 212.87 1 212.87 5.05 0.0460 
 

B - Agitation 

speed 

5920.53 1 5920.53 140.59 < 0.0001 
 

C - H2O2 

concentration 

981.84 1 981.84 23.31 0.0005 
 

D - Contact time 1966.48 1 1966.48 46.70 < 0.0001 
 

AB 35.08 1 35.08 0.8329 0.3810 
 

AC 12.66 1 12.66 0.3005 0.5945 
 

AD 24.13 1 24.13 0.5731 0.4650 
 

BC 136.71 1 136.71 3.25 0.0990 
 

BD 1214.00 1 1214.00 28.83 0.0002 
 

CD 188.72 1 188.72 4.48 0.0579 
 

A² 629.25 1 629.25 14.94 0.0026 
 

B² 638.51 1 638.51 15.16 0.0025 
 

C² 140.05 1 140.05 3.33 0.0955 
 

D² 431.81 1 431.81 10.25 0.0084 
 

Residual 463.24 11 42.11   
 

Lack of Fit 463.07 10 46.31 275.31 0.469 Insignificant 

Pure Error 0.1682 1 0.1682   
 

Cor Total 22103.95 25  
   

 

The Model F-value of 36.71 indicates that the model is significant. Besides, the low 

P-values, which is smaller than 0.05 implies that the model terms are significant. In 

this study, A, B, C, D, BD, A2, B2, and D2 are found to be significant model terms. 

Based on the P-values, B (agitation speed) was found to have the greatest impact on 

the response, followed by D (contact time), and C (H2O2 concentration), while A (pH) 

exhibited the less effect on the MB dye removal efficiency. The determina tion 
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coefficient, R2 and adjusted R2, were found to be 0.9790 and 0.9524 respectively, 

which imply the model is well fitted. Besides, the difference of predicted R2 (0.8397) 

and adjusted R2 is just less than 0.2, indicating that they are in good agreement with 

each other.  

 

Fig. 4.20 showed the theoretical versus actual graph for removal of MB using 

immobilized JP. It can be observed that there is a good similarity between the 

theoretical and the actual, indicating that the models developed are successful in 

bridging the correlation between the process variables to the MB degradation 

efficiency.  

 

Fig. 4.20: The graph of predicted values against actual values for MB dye removal 

efficiency. 
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4.6.2     Effect of process parameters on MB dye removal 

Fig. 4.21 illustrates the 3D response surface plots for different independent process 

parameters with respect to MB dye removal efficiency using JP-immobilized BP/PVA 

membrane. Each plot was generated by varying two individual variables in their 

corresponding experimental ranges, while the third and fourth parameter was kept 

constant.  

Previous findings have reported the significant effect of pH on the dye removal 

efficiency using immobilized enzymatic system (Rasoulzadeh et al., 2019, Roy et al., 

2018, Kashefi et al., 2019b).  

Fig. 4.21 (a) represents the interaction effects of pH with agitation speed on MB dye 

degradation efficiency. From this 3D response plot, the maximum MB dye removal 

efficiency of 85% was achieved at pH 6 and 180 rpm. Besides, the integrated effect 

of pH and concentration of H2O2 for MB dye removal was shown in  

Fig. 4.21 (b). It elucidated that the maximum MB dye removal efficiency can be 

attained when the interactions of both process variables were in the pH-range of 5 to 

6, and H2O2 concentration range of 2 to 3 mM. In addition, the response surface plot 

in  

Fig. 4.21 (c) describes the effect of pH with contact time on MB dye degradation 

efficiency. Based on the results obtained, it was clearly seen that pH has significant 

impact on the MB dye removal efficiency. It was attributed to the surface electric 

charge interaction between the MB dye molecules and JP-immobilized BP/PVA 

membrane (Wong et al., 2019, Daâssi et al., 2012). In this study, the MB dye removal 

efficiency increased from pH 3 to 6, and then gradually declined with further increase 

in pH. It indicated that the dye removal efficiency using JP-immobilized BP/PVA 

membrane is not favourable under acidic and alkaline conditions. This might due to 

the enzyme denaturation under extreme pH conditions, resulting in low peroxidase 

activity, and thus low dye removal efficiency (Kashefi et al., 2019a). Many studies 

reported that the highest dye removal efficiency using immobilized enzyme system 

were within pH 5 to pH 6 (Ali et al., 2018, Bilal et al., 2018c) 

The interaction plot in 
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Fig. 4.21(d) illustrated the effects of H2O2 concentration and agitation speed on MB 

dye degradation efficiency. From the plot, it can be seen that the percentage removal 

of MB dye reached its optimum at H2O2 concentration of 2 mM, under constant 

agitation speed, pH, and contact time. Likewise, there was no further increase in the 

MB dye removal efficiency as the H2O2 concentration was elevated beyond its optimal 

dose. The reduction of dye removal efficiency was due to the diffusional limitations, 

which eventually leads to the saturation of the adsorption sites (Chiong et al., 2019). 

On the other hand, the MB dye removal rate was slow at H2O2 concentration lower 

than 2 mM. This might due to the inadequate amount of H2O2 molecules available for 

the oxidation of MB dye (Mehde, 2019). The present findings are similar to the former 

study for immobilization of HRP onto kaolin (Sekuljica et al., 2016). 

 

Moreover, ANOVA result revealed that agitation speed was defined as one of the 

primary parameters that affects MB dye removal efficiency.  

Fig. 4.21(e) depicted the 3D response surface plot for the effect of agitation speed 

and contact time. It was evident that the MB dye uptake capacity increases 

monotonously with increasing agitation speed and contact time. A maximal MB dye 

removal efficiency of 98.5% was achieved at an agitation speed of 192.8 rpm and 

contact time of 348 min, while the other variables were set at the middle values. 

From  

Fig. 4.21 (a), (d) and (e), a trend of increasing in MB dye removal efficiency was 

observed with the increasing agitation speed. The increase in agitation speed will result 

in the increase in the frequency of collision and the interactions between the MB dye 

molecules and the immobilized JP (Ruthiraan et al., 2017). Similar observations have 

been reported by previous researchers (Satapathy and Das, 2014, Markandeya et al., 

2017).  

 

Furthermore,  

Fig. 4.21 (f) demonstrated that the interaction between contact time and H2O2 

concentration has less impact on the removal efficiency of MB dye. Maximum MB 

dye removal percentage (85.9%) was obtained under optimized conditions of 2.62 

mM H2O2 concentration in 5 hrs, with constant pH-6 and agitation speed of 150 rpm. 

Also,  

Fig. 4.21 (c) shows that at optimum pH, the MB dye removal efficiency increased with 

increasing time, until at some point, and eventually decreasing after the optimum 
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contact time of 270 min. The decrease of dye removal efficiency might due to the 

saturation of the available adsorption sites on the surface of JP-immobilized BP/PVA 

membrane (Asgher et al., 2014). The finding is similar to the results reported by several 

researchers (Farias et al., 2017, Jamal and Singh, 2016). 
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Fig. 4.21: 3D interaction plot for maximum MB dye removal efficiency as a 

function of (a) pH and agitation speed; (b) pH and concentration of H2O2; (c) pH 

and contact time; (d) Agitation speed and H2O2 concentration; (e) Agitation speed 

and time; (f) Concentration of H2O2 and contact time. 

 

 

 

4.6.3     Process optimization and model validation  

Based on the ANOVA analysis results, the optimum conditions to achieve maximum 

MB dye degradation of 99.5 % were at pH 5.77, 179 rpm, 1.98 mM H2O2, within 229 

min of reaction time. To verify the optimized results obtained, three optimized 

conditions were selected for the validation of the model. The experiments were 

repeated to verify the prediction, and the results were listed in Table 4.4. It was 

observed that the experimental values of MB dye removal efficiency were in good 

agreement with the predicted values by the model, with standard error less than 2%. 

 

Table 4.4: Model validation at optimized conditions. 

 

 

Sample 

A B C D Removal Efficiency (%) 

pH Agitation 

speed (rpm) 

Dose of 

H2O2 

(mM) 

Contact 

Time 

(min) 

Predicted Experimental 

1 5.77 179 1.98 229 99.51 99.38 

2 5.46 186 1.03 233 99.20 98.55 

3 4.96 177 2.65 235 99.04 99.26 

 

The summarization of maximum dye removal efficiency by immobilized peroxidases 

on various support materials was presented in Table 2.6. Based on the critical literature 

review performed, the performances of JP-immobilized BP/PVA membrane for dye 

removal efficiency was better and more efficient than that of many other existing 

immobilized enzymes. 
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4.6.4     Reusability of BP/PVA membrane and immobilized JP membrane in 

batch system 

Reusability of an enzyme is one of the most significant aspects of the sustainab le 

industrial application. In this study, the reusability of BP/PVA membrane and 

immobilized JP membrane for MB dye removal were assessed for eight cycles under 

batch mode. The result of the comparison of reusability performances for both 

membranes was displayed in Fig. 4.22. It can be seen that the immobilized JP 

membrane and BP/PVA membrane had a similar MB dye removal efficiency for the 

first and second reused round. After third reused cycles, results showed that 

immobilized JP showed higher MB dye removal efficiency than BP/PVA membrane. 

Initially BP/PVA membrane has slightly higher MB dye removal efficiency due to the 

high availability of adsorption sites on the membrane surface (Sarkar et al., 2018). 

However, after several cycles, the surface of BP/PVA membrane became saturated by 

MB dye, resulting in decrease of adsorption efficiency (Zhou et al., 2019).  

 

On the contrary, the results clearly shown that JP-immobilized BP/PVA membrane 

can operate adsorption and biodegradation of the MB dye molecules on the membrane 

surface simultaneously over time. After eight cycles, the immobilized JP membrane 

retained 64.3 % decolourization. The gradual decline of MB dye degradation 

efficiency during the repeated use might attributed to the enzyme deactivation 

(Abdollahi et al., 2018). In another study, researchers have reported that 

immobilization of HRP and chloroperoxidase (CPO) on zinc oxide (ZnO) 

nanowires/macroporous silicon dioxide (SiO2) maintained 81.7% and 76.5% of Acid 

Blue 120 and Direct Black 38 respectively, after 20 cycles (Jin et al., 2018c). Previous 

studies also demonstrated that HRP immobilized on ZnO nanowires/macroporous 

SiO2 composite can retain 79.4% and 71.1% of Acid blue 113 and Acid black 10 BX 

respectively, even after 12 cycles (Sun et al., 2017). These results confirmed that the 
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immobilization of plant peroxidases on nano-structured material supports can improve 

the reusability and catalytic efficiency of immobilized enzyme.  

 

 

Fig. 4.22: Reusability of JP-immobilized BP/PVA membrane for removal of MB 

dye in batch process. 
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4.7     Treatment of MB dye using immobilized JP membranes in column system 

under batch recycled mode 

The viability of JP-immobilized BP/PVA membrane for treating large amount of dye 

wastewater is one of the vital factors for scale-up and economic standpoints. Thus, in 

this section, the performance of immobilized JP membrane for dye removal in column 

system under batch recycled mode was performed. The effects of parameters, such as 

influent flow rate, ratio of H2O2/MB dye concentration, and contact time on the 

removal of MB dye in the column system were also evaluated and optimized using 

RSM. Moreover, the reusability properties of the immobilized JP membrane for MB 

dye removal in column system were also studied, and compared with BP/PVA 

membrane. 

 

4.7.1     Statistical optimization of MB dye removal using immobilized JP 

membrane in column system 

The performance of immobilized JP membrane for MB dye treatment in column 

system under recirculation batch mode is one of an important factor for accessing its 

viability in pilot scale industrial applications. Therefore, in this study, the effect of 

independent variables on MB dye removal efficiency was studied statistically using 

FCCCD. Based on the ANOVA results, a quadratic regression surface model was 

obtained to predict the results of MB dye removal efficiency, and shown in Equation  

(4.3).  

 

𝑫𝒚𝒆 𝒓𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =

=  𝟐.𝟕𝟏𝟎 + 𝟏𝟒.𝟓𝟑𝟑𝑨+ 𝟎.𝟎𝟐𝟎𝑩+ 𝟎.𝟗𝟓𝟏𝑪

+ 𝟎.𝟎𝟐𝟗𝟗𝑨𝑩− 𝟎.𝟎𝟐𝟓𝟐𝑨𝑪−𝟎. 𝟎𝟎𝟎𝟑𝑩𝑪−𝟑. 𝟗𝟔𝟎𝑨𝟐

− 𝟎.𝟎𝟎𝟎𝟒𝑩𝟐−𝟎. 𝟎𝟎𝟐𝟒𝑪𝟐   

 

 

(4.3) 
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Where the MB dye removal efficiency (Y) is a function of influent flow rate (A), ratio 

of H2O2/MB dye concentration (B), contact time (C). The positive coefficients of the 

linear terms imply the positive effect of these variables for the MB dye removal 

efficiency.  

 

Table 4.5 showed the ANOVA results for the MB dye removal efficiency. ANOVA 

analysis was implemented to validate the adequacy and the significance of the 

developed quadratic model. The results indicated that A, B, C, AB, A², C² are 

significant model terms. Besides, the high F-value of 28.99 and low p-value of 0.0003 

(≤0.05) implied that the model was statistically significant. The high values of 

determination coefficient R2 of 0.97 and R2
adj of 0.94 indicated that the model was 

significant. The predicted R2 of 0.80 is in reasonable agreement with the R2
adj as their 

difference is less than 0.2. A high adequate precision value of 15.58, implied an 

adequate signal, further demonstrated the model adequacy.  

 

Table 4.5: ANOVA for MB dye removal in column studies under batch recycled 

mode. 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-value 
 

Model 14669.82 9 1629.98 28.99 0.0003 Significant 

A - Influent Flow 

rate 

1681.95 1 1681.95 29.92 0.0016 
 

B - Ratio of 

H2O2/MB dye 

concentration 

2033.76 1 2033.76 36.17 0.0010 
 

C - Contact Times 2746.64 1 2746.64 48.85 0.0004 
 

AB 809.23 1 809.23 14.39 0.0090 
 

AC 224.30 1 224.30 3.99 0.0928 
 

BC 318.53 1 318.53 5.67 0.0547 
 

A² 661.48 1 661.48 11.77 0.0140 
 

B² 267.34 1 267.34 4.76 0.0720 
 

C² 1822.16 1 1822.16 32.41 0.0013 
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Residual 337.33 6 56.22 
   

Lack of Fit 328.80 5 65.76 7.71 0.2665 Insignificant 

Pure Error 8.53 1 8.53 
   

Cor Total 15007.15 15 
    

 

Moreover, Fig. 4.23 illustrated the graph of predicted versus actual values of MB dye 

removal efficiency. It showed good correlations between the actual and predicted 

values, thus confirm the adequacy of the model to predict MB dye removal. 

 

 

Fig. 4.23: The plot relationship between predicted and actual values of MB dye 

removal efficiency for column study under recirculation batch mode.  
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4.7.2     Effect of process parameters for continuous MB dye removal 

Fig. 4.24 illustrated the 2D contour plots and 3D response surface plots of the 

interactive parameters for MB dye removal efficiency using JP-immobilized BP/PVA 

membrane. Based on the plots, a better understanding of the influence of two 

independent variables and their interaction effects on the MB dye removal efficiency 

were obtained.  

 

Notably, the influent flow rate is one of the major factors that can affect the 

performance of MB dye removal process (K.V.G et al., 2020). This is because influent 

flow rate controls the contact time between the MB dye and the immobilized JP 

membrane. The combined effect of influent flow rate and ratio of H2O2/MB dye 

concentrations on MB dye removal efficiency was illustrated in Fig. 4.24(a). It 

depicted that the maximum MB dye removal efficiency was achieved at low influent 

flow rate of 1 to 2 mL/min, and ratio of H2O2/MB dye concentrations with range 

between 37:1 to 85:1. Besides, Fig. 4.24(b) illustrated the effect of influent flow rate 

and contact time on MB dye removal efficiency. From both Fig. 4.24(a) and Fig. 

4.24(b), it can be seen that the maximum MB dye removal was obtained at a low 

influent flow rate. At lower flow rate, the residence time for the diffusion of the MB 

dye molecules into the pores of membrane is higher, thus allowing solute to access 

more active sites within the immobilized JP (Awasthi and Datta, 2019). Nevertheless, 

it was noticed that the increase in influent flow rate higher than 3 mL/min will result 

in a decrease in MB dye removal efficiency when the ratio of H2O2/MB dye 

concentration was fixed. This is due to the insufficient residence time of MB dye solute 

in the column, as the diffusion of the MB dye molecules left the column before the 

adsorption equilibrium was achieved (Nguyen et al., 2016, Gokulan et al., 2019). A 

similar trend was reported by Zhuang et al. (2016). 

 

Fig. 4.24(c) presents the combined effect of the contact times and influent flow rate 

on the MB dye removal efficiency. It was observed that there was a linear increment 
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of MB dye removal when the contact time increases from 30 min to 180 min when 

interacted with influent flow rate of 3 mL/min. The optimized contact time was found 

to be 180 min with MB dye removal efficiency of 92% when the H2O2/MB dye 

concentration ratio is in the range between 37:1 to 85:1. The maximum MB dye 

removal in initial periods is due to the availability of maximum number of active sites 

for the MB dye adsorption (Ahlawat et al., 2019, Sondhi et al., 2018). Beyond the 

optimum contact time, the MB dye removal efficiency decreased slightly due to the 

limited active sites available on the JP-immobilized BP/PVA membrane (Yao et al., 

2020). Similar results have been reported for the removal of synthetic azo dye using 

immobilized HRP on nano-composite support (Jin et al., 2018b).  

Another important parameters which can affect the MB dye removal efficiency using 

JP-immobilized BP/PVA membrane is the ratio of H2O2/MB dye concentrations. The 

optimum concentration of H2O2 is dependent on the types and initial concentrations of 

dye, and differ from case to case. Initial dye concentration would provide an important 

driving force to promote the mass transfer of dye molecules towards the membrane 

(Lee et al., 2016, Cho et al., 2015). Fig. 4.24(a) and (c) clearly observed that the 

performance of immobilized JP for MB dye removal efficiency was higher at low 

H2O2/MB dye concentration ratio. It was noticed that the MB dye removal efficiency 

decreased gradually as the H2O2/MB dye concentration ratio is further increased above 

its optimum ratio. This might due to the generation of the high concentration of 

intermediate products from the excess amount of H2O2, which lead to the inhibition of 

enzyme activity (Nguyen and Yang, 2017). Several studies also revealed that the 

excessive H2O2 would prohibit the enzyme catalytic performance (Ai et al., 2016). The 

phenomenon observed were consistent with the results reported for the removal of azo 

dye from aqueous solution using HRP-immobilized calcium alginate gel beads 

(Gholami-Borujeni et al., 2011a). 
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Fig. 4.24: 2D contour plots and 3D response surface plots for MB dye removal 

efficiency as a function of (a) Influent flow rate and ratio of H2O2/dye 

concentrations; (b) Contact time and ratio of H2O2/dye concentrations; (c) 

Contact time and influent flow rate. 
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4.7.3     Process optimization and model validation 

To achieve the highest removal performance at optimal values of the operational 

factors, the desired goal for MB dye removal efficiency was maximized. The 

maximum MB dye removal efficiency was observed at 99.7%, at 2 mL/min, 75:1 ratio 

of H2O2/MB dye concentrations, and 183 contact times (Jun et al., 2020). In order to 

validate the model adequacy, three confirmative experiments were performed under 

the optimum conditions. The results were summarized in Table 4.6 and it showed that 

the values predicted by the model were in close agreement with the experimental data, 

with standard deviation less than 2%. Besides, the desirability function of the result 

was 1.0. 

 

 

Table 4.6: Model validation at optimized conditions. 

 

 

Sample 

A B C Removal Efficiency (%) 

Flow rate 

(mL/min) 

Ratio of 

H2O2/MB dye 

concentration 

Contact 

Time 

(min) 

Predicted Experimental 

1 2 75:1 183 99.72 99.38 

2 2.1 83:2 188 99.16 99.43 

3 2 80:1 187 99.58 99.05 
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4.7.4     Reusability of BP/PVA membrane and immobilized JP membrane in 

column system 

Reusability is one of the primary factors in the economics of reducing the overall 

operating costs of industrial applications. A total of eight successive MB dye treatment 

cycles using both immobilized JP membrane and BP/PVA membrane were performed 

in the column under batch recycled mode. Unlike free enzyme, immobilized JP 

membrane can be easily separated from the reaction mixture and reused, which can 

greatly reduce the operational cost under practical application (Yogalakshmi et al., 

2020). In this section, the reusability of JP-immobilized BP/PVA membrane and 

BP/PVA membrane for MB dye removal was investigated and compared by repeated 

addition of fresh MB dye solution for eight cycles. 

 

Fig. 4.25 showed that a similar degree of MB dye removal efficiency by both JP-

immobilized BP/PVA membrane and BP/PVA membrane was observed in the first 

two cycles. As compared to BP/PVA membrane, JP-immobilized BP/PVA membrane 

exhibited promising reusability capability as it can maintain 73% of MB dye 

degradation efficiency even after its eighth successive uses. The gradual reduction of 

MB dye removal efficiency after several repeated use of immobilized enzyme might 

due to the formation of a precipitate during the enzymatic reaction, resulting in mass 

transfer restriction and blockage of enzyme active sites (Ali et al., 2017, Yang et al., 

2016). On the other hand, BP/PVA membrane became saturated by MB dye over time, 

and it could not be reused and has to be discarded after several cycles. A similar trend 

was observed for the removal of dye using lignin peroxidase immobilized on CNT 

(Oliveira et al., 2018).  Same observation was obtained for the batch dye removal using 

both membranes in Section 4.6.4. The above results highlighted the significant 

improvement of reusability properties of JP-immobilized BP/PVA membrane as 

compared to BP/PVA membrane. 
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Fig. 4.25: Reusability of JP-immobilized BP/PVA membrane and BP/PVA 

membrane for MB dye removal efficiency in column system under batch recycled 

mode. 

 

 

4.8      Kinetic parameters of free and immobilized peroxidases with respect 

to MB dye 

The kinetic parameters of both free and immobilized JP were determined with respect 

to MB dye by Lineweaver-Burk plot as shown in Fig. 4.26. Table 4.7 summarized the 

kinetic parameters obtained from the plot. Results showed that immobilized JP 

exhibited lower value of Km (37.33 mg/L) and higher value of Vmax (0.0620 mg/L.min) 

as compared to free JP. The decrease in Km values for immobilized JP suggested that 

the increased affinity of enzyme towards the MB dye, and thus increased enzyme 

activity upon immobilization (Dwivedee et al., 2018). This might due to the porous 

structure of BP/PVA membrane support, which facilitate higher mass transfer in 

substrate (Han et al., 2018). Also, the increase of Vmax value after enzyme 

immobilization indicated the enhancement of enzyme catalytic efficiency and stability 



Chapter 4 Results and Discussion  

 

126 
 

(Ali et al., 2018). The large interconnected pores of the support can enhance the 

accessibility of MB dye molecules to the enzyme active sites, and thus resulting in the 

enhancement of enzyme catalytic efficiency. Same observation was obtained for the 

biodegradation of synthetic azo dye using HRP crosslinked on nano-composite support 

(Sun et al., 2017).  

 

Fig. 4.26: Lineweaver-Burk plot for free and immobilized JP with respect to MB 

dye as substract. 

 

Table 4.7: Kinetic parameters of free and immobilized JP under optimum 

conditions. 

 Km 

(mg L-1) 

Vmax 

(mg L-1 min-1) 

Free JP 91.10 0.135 

Immobilized JP 37.33 0.620 
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4.9      Comparison of adsorption performance for MB dye removal using BP/PVA 

membrane and JP-immobilized BP/PVA membrane    

In this section, the adsorption performance of BP/PVA membrane and JP-immobil ized 

BP/PVA membrane were investigated through adsorption isotherm, kinetics, and 

thermodynamic studies. Besides, desorption studies were also examined to validate the 

synergistic effects of adsorption and biodegradation reaction of MB dye removal using 

JP-immobilized BP/PVA membrane.  

 

4.9.1     Effect of contact time and initial dye concentration on adsorption capacity  

In this study, the adsorption capacity of both BP/PVA membrane and JP-immobil ized 

BP/PVA membrane for removal of MB dye were studied. The relation between the 

adsorption capacity (qt) and contact time (min) for different initial MB dye 

concentration (10 – 80 mg/L) were plotted as shown in Fig. 4.27. For both BP/PVA 

membrane and JP-immobilized BP/PVA membranes, results showed that the higher 

the initial concentration of MB dye, the higher the adsorption uptake. This is attributed 

to the increase in mass transfer driving force of the concentration gradient, which 

resulting in a higher adsorption rate (Abdi et al., 2017, Boukhalfa et al., 2019). Besides, 

both membranes demonstrated rapid adsorption of MB dye for the first 30 mins in all 

cases of different initial MB dye concentrations. The phenomenon was due to the high 

availability of adsorption site on the surface of the membranes (Mallakpour and 

Rashidimoghadam, 2019). Beyond the 30 mins, the adsorption rates for both 

membranes were slower, owing to the reduction of available site for adsorption of MB 

dye molecules.  

 

Fig. 4.27(a) showed that BP/PVA membrane can achieve more than 95% of maximum 

MB dye uptake capacity at 150 min, and complete equilibrium was reached in 150 to 

240 min. The contact time was maintained for 90 min to ensure that the equilibr ium 

could be achieved (Jin et al., 2018a, Ahamad et al., 2019). It was noticeable that there 

were no significant changes in adsorption uptake capacity when the complete 

equilibrium was achieved after 240 min. At this point of time, equilibrium states were 

attained, where the amount of dye desorbed from the membrane was equal to the 
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amount of dye being adsorbed onto the membrane. Similar trends were also observed 

from the previous studies (Sui et al., 2012, Manilo et al., 2016).   

 

On the other hand, Fig. 4.27(b) illustrated that JP-immobilized BP/PVA membrane 

can reach the maximum adsorption capacity after 180 min. The MB dye uptake 

increased gradually with the elongation of contact time, until approximately 240 min. 

Results showed that JP-immobilized BP/PVA membrane has a lower adsorption rate 

compared to the BP/PVA membrane. This observation could be attributed to the larger 

adsorption site available on the surface of BP/PVA membrane (Lefebvre et al., 2018). 

Thus, it allowed the MB dye molecules to be adsorbed onto the membrane surface with 

higher efficiency. In contrast to the BP/PVA membrane, a large portion of JP-

immobilized BP/PVA membrane surface was covered by the peroxidase after the 

immobilization process, resulting in the decrease of MB dye adsorption efficiency onto 

its membrane surface.  

 

Moreover, results also showed that JP-immobilized BP/PVA membrane has superior 

MB dye adsorption capacity as compared to the BP/PVA membrane. This is due to the 

presence of peroxidase on the surface of JP-immobilized BP/PVA membrane, which 

allow the synergistic effects of the adsorption and biodegradation reaction. When the 

MB dye molecules were adsorbed onto the JP-immobilized BP/PVA membrane 

surface, the peroxidase enzyme catalyzed the adsorbed MB dye molecules, and thus 

allowing the liberation and regeneration of the adsorption sites of the membrane. 

Therefore, the adsorption and catalytic reaction of JP-immobilized BP/PVA 

membrane prevent the total saturation of the membrane support, which can enhance 

the reusability properties and regeneration efficiency of the nanocomposite membrane. 

Similar observations were reported by Zhang et al. (2020) for the removal of dyes 

using laccase-immobilized CNTs.  
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Fig. 4.27: Adsorption capacity (qt) versus contact time (min) for MB dye with 

different initial MB dye concentrations using (a) BP/PVA membrane and (b) JP-

immobilized BP/PVA membrane. 
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4.9.2     Adsorption isotherms study 

Fig. 4.28 depicts the isotherm plots for the adsorption of MB dye using JP-

immobilized BP/PVA membrane and BP/PVA membrane. The Langmuir (Equation 

3.9), Freundlich (Equation 3.11), Temkin (Equation 3.12), and Dubinin-Radushkevich 

(Equation 3.14) were employed to determine the optimum model for the adsorption of 

MB dye molecules and the membranes. Besides, these isotherms were also used to 

study the interactions between the MB dye and the membranes. All the parameters and 

the correlation coefficients (R2) of the each isotherm model were summarized in Table 

4.8. The resulting R2 values revealed that the equilibrium data fitted better with 

Freundlich model for the adsorption of MB dye onto the BP/PVA membrane and JP-

immobilized BP/PVA membrane, with R2 of 0.971 and 0.991 respectively. The fitting 

of Freundlich isotherm suggest that the adsorption of MB dye onto the both BP/PVA 

membrane and JP-immobilized BP/PVA membrane surface occurs as multilayer 

coverage of MB dye molecules over its heterogeneous membrane surfaces. Besides, 

the higher KF value of JP-immobilized BP/PVA membrane also confirmed the superior 

adsorption capability of MB dye compared to the BP/PVA membrane. Moreover, the 

1/n value for both BP/PVA membrane and JP-immobilized BP/PVA membrane were 

evaluated to be 0.280 and 0.352 respectively. This indicates that the adsorption of MB 

dye onto both membrane are favourable process. Furthermore, the maximum 

adsorption capacity (qm) of BP/PVA membrane and JP-immobilized BP/PVA 

membrane were 181.82 mg/g and 229.36 mg/g respectively. On the other hand, both 

Temkin and Dubinin-Radushkevich isotherm models showed lower R2 values, which 

implies that the isotherm data do not show a good representation. In summary, the 

immobilization of peroxidase on the BP/PVA membrane can further enhance the 

adsorption capacity by improving its regeneration efficiency.  
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Table 4.8: Isotherm parameters for the adsorption of MB dye by BP/PVA 

membrane and JP-immobilized BP/PVA membrane. 

Isotherm models Parameters BP/PVA 

membrane 

JP-immobilized 

BP/PVA 

membrane 

Langmuir

qmax (mg/g) 

KL (L/mg) 

RL

R2

181.82 

0.152 

0.284 

0.953 

229.36 

0.155 

0.281 

0.972 

Freundlich 

KF (L/mg) 

n 

1/n 

R2

54.976 

3.574 

0.280 

0.979 

56.08 

2.842 

0.352 

0.991 

Temkin 

AT  (L/g) 

B (J/mol) 

bT

R2

5.875 

27.72 

89.38 

0.899 

3.249 

39.77 

62.298 

0.946 

Dubinin-Radushkevich 

qs (mg/g) 

β x 10-6 (mol2/kJ2) 

E (kJ/mol) 

R2

129.83 

0.214 

1.529 

0.689 

156.307 

2.997 

1.292 

0.6927 
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Fig. 4.28: Plots of (a) Langmuir; (b) Freundlich; (c) Temkin; (d) Dubinin-

Radushkevich, for adsorption of MB using BP/PVA membrane and JP-

immobilized BP/PVA membrane. 

 

Table 4.9 summarized the maximum adsorption capacities of various carbon 

nanomaterials adsorbent for MB dye removal. In summary, it can be seen that JP-

immobilized BP/PVA membrane has better adsorption capacity (229.36 mg/g) in 

comparison with other CNM adsorbents reported in the literature. 
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Table 4.9: Maximum adsorption capacities of various carbon nanotube type 

adsorbent for MB dye. 

Adsorbents qm 

(mg/g

) 

KL 

(L/mg

) 

R2 KF 

(L/mg

) 

n R2 References 

MWCNT decorated 

with CoFe2O4 

14.28 2.35 0.97 1.5 2.44 0.98 (Farghali et 

al., 2012) 

 

Magnetite-loaded 

MWCNT 

43.86 1.48 0.99 29.17 5.05 0.87 (Ai et al., 

2011) 

 

Carbon nanotubes 64.7 0.56 0.99 30.80 4.45 0.99 (Yao et al., 

2010) 

 

Graphene/MWCNT

/ Fe3O4 

nanocomposite  

65.79 0.206 0.99 19.04 2.88 0.96 (Wang et al., 

2014) 

 

CNT/Poly (sodium4-

styrenesulfonate) 

100 - 0.99 - - - (Zhang and 

Xu, 2014) 

 

 β-cyclodextrin-

functionalized 

MWCNT 

90.90 0.20 0.99 15.35 1.46 0.97 (Mohammad

i and Veisi, 

2018) 

 

Tannins 

functionalized CNT 

105 0.02 0.92 17.24 2.41 0.94 (Gan et al., 

2018) 

Amino 

functionalized 

MWCNT decorated 

with Fe3O4 

178.57 0.13 0.99 23.28 1.65 0.99 (Ahamad et 

al., 2019) 

BP/PVA membrane  181.82 0.15 0.95 54.98 3.57 0.98 Present study 

 

JP-immobilized 

BP/PVA membrane 

229.36 0.16 0.97 56.08 2.84 0.99 Present study 
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4.9.3     Adsorption kinetics study 

To further understand the adsorption mechanism, the pseudo-first-order and pseudo-

second-order kinetic models were employed to fit the experimental data. Table 4.10 

and Table 4.11 summarized the kinetic parameters for the adsorption of MB dye using 

BP/PVA membrane and JP-immobilized BP/PVA membrane, respectively. For both 

membranes, correlation coefficient, R2 results showed that the pseudo-second-order 

model exhibited a higher fitting degree compared to the pseudo-first-order model. 

Thus, it suggested that the adsorption of MB dye onto both BP/PVA membrane and 

JP-immobilized BP/PVA membrane were presumably controlled by chemical 

adsorption process, which involving exchange or sharing of electrons between the dye 

cations and functional groups of the membranes. Moreover, JP-immobilized BP/PVA 

membrane demonstrated a superior adsorption capacity (qe) for various MB dye 

concentrations as compared to the BP/PVA membrane, which signify its highly 

efficient regeneration for adsorption capacity. The fitted plots of pseudo-first-order 

and pseudo-second-order models for both membranes were shown in Fig. 4.29. The 

pseudo-second-order rate has been employed broadly to the sorption of organic 

pollutants from aqueous system, particularly dye contaminant (Duarte Baumer et al., 

2018, Li et al., 2018a, Maleki et al., 2017).  
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Table 4.10: Kinetic parameters values for the adsorption of MB dye onto BP/PVA 

membrane. 

C0  

(mg/L) 

qe, exp. 

(mg/g) 

BP/PVA membrane 

Pseudo-First Order Pseudo-Second Order 

qe, cal. 

(mg/g) 

k1 

(min-1) 

R2 qe, cal. 

(mg/g) 

k2 

(min.g/mg) 

R2 

10 51.48 18.73 0.013 0.931 22.88 0.079 0.993 

20 85.91 50.72 0.014 0.898 39.68 0.025 0.988 

30 101.97 93.70 0.015 0.916 63.29 0.009 0.957 

40 122.97 69.74 0.012 0.940 70.42 0.015 0.985 

50 130.59 145.80 0.016 0.902 86.96 0.008 0.978 

60 141.43 93.21 0.012 0.943 90.91 0.012 0.990 

70 157.54 133.78 0.014 0.966 95.24 0.011 0.992 

80 181.43 115.22 0.010 0.984 111.11 0.008 0.991 

 

Table 4.11: Kinetic parameters values for the adsorption of MB dye onto JP-

immobilized BP/PVA membrane. 

C0  

(mg/L) 

qe, exp. 

(mg/g) 

JP-immobilized BP/PVA membrane 

Pseudo-First Order Pseudo-Second Order 

qe, cal. 

(mg/g) 

k1 

(min-1) 

R2 qe, cal. 

(mg/g) 

k2 

(min.g/mg) 

R2 

10 50.99 47.73 0.021 0.988 57.14 0.062 0.998 

20 92.60 82.92 0.019 0.968 103.41 0.034 0.997 

30 115.38 94.73 0.019 0.952 127.88 0.030 0.996 

40 140.08 148.97 0.023 0.965 157.23 0.022 0.997 

50 165.42 194.71 0.025 0.926 185.87 0.020 0.998 

60 183.70 231.22 0.028 0.984 207.90 0.017 0.996 

70 194.54 187.75 0.029 0.984 216.92 0.022 0.996 

80 208.69 176.37 0.030 0.970 232.02 0.027 0.997 
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Fig. 4.29:  Pseudo-first order kinetics and Pseudo-second order kinetics for 

adsorption of MB dye using (a-b) BP/PVA membrane and (c-d) JP-immobilized 

BP/PVA membrane. 

 

 

4.9.4     Thermodynamic studies  

The change of free energy, including enthalpy ∆Hº, entropy ∆Sº, and Gibbs free energy 

∆Gº, for MB dye adsorption was analyzed at different temperatures. The 

thermodynamic parameters for BP/PVA membrane and JP-immobilized BP/PVA 

membrane were listed in Table 4.12 and Table 4.13 respectively. For both BP/PVA 

membrane and JP-immobilized BP/PVA membrane, similar observation was obtained 

for the adsorption of MB dye. The negative ∆Gº values at all temperatures implied that 

the adsorption of MB dye were spontaneous and thermodynamically favourable (Gan 

et al., 2018). It was noticed that the magnitude of ∆Gº increases as the temperature 

increases from 293 K to 323 K, indicating that adsorption process is more favourable 
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at higher temperature (Fan et al., 2018).  The negative values of ∆Hº suggested that 

the adsorption process was exothermic in nature, which indicates that the adsorption 

reactions do not consume energy  (Pathania et al., 2017). The positive ∆Sº values 

confirmed the increase of randomness at solid-liquid interface during the adsorption 

process, which implied that there were some structural changes of MB dye molecules 

and the surface of both membranes (Shahryari et al., 2010). Similar findings were 

found in previous studies (Wu et al., 2014, Liu et al., 2016).  

 

Table 4.12: Thermodynamic parameters for adsorption of MB dye using BP/PVA 

membrane. 

C0 

(mg/L) 

∆Hº 

(kJ/mol) 

∆Sº 

(kJ/mol.K) 

∆Gº 

(kJ/mol) 

   293K 303 K 308 K 323K 

10 -534.09 14.44 -4764 -4908 -5052 -5197 

20 -600.73 16.24 -5358 -5520 -5683 -5845 

30 -814.31 22.01 -7263 -7483 -7703 -7923 

40 -1176.7 31.80 -10495 -10813 -11131 -11449 

 

 

Table 4.13: Thermodynamic parameters for adsorption of MB dye using JP-

immobilized BP/PVA membrane. 

C0 

(mg/L) 

∆Hº 

(kJ/mol) 

∆Sº 

(kJ/mol.K) 

∆Gº 

(kJ/mol) 

   293K 303 K 308 K 323K 

10 -526.09 35.23 -5553 -5721 -5889 -6057 

20 -372.87 24.97 -6236 -6425 -6614 -6803 

30 -345.72 23.14 -8210 -8459 -8707 -8956 

40 -315.32 21.17 -10195 -10504 -10813 -11122 
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4.10     Desorption studies for BP/PVA membrane and JP-immobilized 

BP/PVA membrane. 

Fig. 4.30 showed the results of the solvent desorption tests for both immobilized JP 

membrane and BP/PVA membrane. Both dye-loaded membranes was placed into the 

ethanol solution as desorption solvent under 120 rpm for 2 hours. Based on Fig. 4.30, 

it depicted that most of the MB dye was desorbed from the BP/PVA membrane 

surface. This phenomenon illustrated that the MB dye was only adsorbed onto the 

membrane surface. On the contrary, it can be observed that there was negligible MB 

dye desorbed from JP-immobilized BP/PVA membrane. Therefore, the results 

validated the simultaneous adsorption and enzymatic decomposition of MB dye 

molecules occurred on the JP-immobilized BP/PVA membrane. Hence, BP/PVA 

membrane is not economically feasible for industrial usage, as additional costs are 

required for the recovery and regeneration of saturated adsorbents (Li et al., 2018c). 

Owing to the great importance of the sustainable industrial utilization and the 

minimization of wastes, JP-immobilized BP/PVA membrane is more preferable due 

to its desirable reusability and environmental friendly properties for application of dye 

wastewater treatment.  

 

Fig. 4.30: (a) Desorption studies for BP/PVA membrane and JP-immobilized 

BP/PVA membrane; Picture of desorption experiments of MB dye in ethanol 

solution after 2 hours using BP/PVA membrane and JP-immobilized BP/PVA 

membrane. 
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Table 4.14 summarized the advantages and disadvantages of both JP-immobil ized 

BP/PVA membrane and BP/PVA membrane for the application of dye degradation. 

Based on the results obtained, it was observed that BP/PVA membrane has slightly 

higher adsorption rates for MB dye in the first few cycles as compared to JP-

immobilized BP/PVA membrane. This is because BP/PVA has a larger surface to 

volume ratio for adsorption site of MB dye molecules. Nevertheless, BP/PVA 

membrane is not suitable for long term usage in industrial application due to its poor 

reusability properties and generation of waste by-products. Besides, regeneration and 

disposal of spent BP/PVA membrane adsorbent will incur additional costs. On the 

contrary, JP-immobilized BP/PVA membrane has better adsorption capacity due to the 

binding of peroxidase on the membrane surface. This allows the simultaneous catalytic 

reaction of the adsorbed MB dye, and regeneration of saturated adsorption sites. The 

superior performance, environmental friendliness and sustainable properties of JP-

immobilized BP/PVA membrane make it suitable for industrial application for dye 

wastewater treatment.  

 

Table 4.14: Advantages and disadvantages of BP/PVA membrane and JP-

immobilized BP/PVA membrane for dye removal. 

 Advantages Disadvantages 

BP/PVA 

membrane 

 Higher adsorption rate for 

the first few cycles. 

 Lower adsorption capacity 

 Poor reusability  

 Need to be disposed once 

the membrane is fully 

saturated. 

 

JP-

immobilized 

BP/PVA 

membrane  

 Higher adsorption 

capacity. 

 Can be regenerated and 

reused for more cycles. 

 More environmental 

friendly. 

 Lower adsorption rate for 

the first cycles. 
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4.11     Potential study of MB dye removal using immobilized JP membranes in 

continuous mode 

In this section, the potential study of continuous MB dye removal in the customized 

glass column using immobilized JP membranes was performed. One of the key factors 

that can influence the process significantly is the flow rate. Thus, the experiments on 

the effect of flow rate for continuous MB dye removal efficiency by the immobil ized 

JP membrane in column system were conducted. The experiments were performed 

with both single and double columns using immobilized JP membrane system, by 

varying the feed flows: 0.5 mL/min, 1.0 mL/min, 1.5 mL/min, and 2.0 mL/min. The 

continuous MB dye removal experiments were carried out at optimum operating 

conditions obtained from the batch dye removal process, which are pH 6 and 30ºC. 

 

Fig. 4.31 depicted the comparison of continuous MB dye removal with different flow 

rates using JP-immobilized BP/VPA membrane in single and double multi-stage 

columns respectively. Based on the results obtained, a decrease in MB dye removal 

efficiencies was observed when the influent flow rate was increased for both column 

systems. This behaviour was due to the lower residence time in the column, resulting 

in insufficient contact time between the MB dye molecules with the immobilized JP 

membrane (Jain and Gogate, 2018, Khasri and Ahmad, 2018). Therefore, at the lowest 

influent flow rate, the highest degradation rates were observed for both single and 

double column systems. The results also demonstrated that the more the number of 

membrane columns used, the higher the MB dye removal efficiency. At 0.5 mL/min, 

the highest MB dye removal efficiencies that can be attained by using single column 

and double were 34% and 13% respectively. To achieve desirable dye removal 

efficiency, several membrane columns in series are required. 



Chapter 4 Results and Discussion 

141 

Fig. 4.31: Comparison of MB dye removal with different flow rates using JP-

immobilized BP/PVA membrane in single and double multi-stage columns. 

4.12     Characterization of MB dye molecules-immobilized JP membrane  

interaction 

In this section, characterization studies were performed to examine the interaction of 

MB dye molecules with the immobilized JP membrane. Fluorescence microscope was 

used to validate the successful binding of JP enzyme on the BP/PVA membrane. FTIR 

spectroscopy was employed to determine the existing surface functional groups. 

Lastly, the surface morphology of the JP-immobilized BP/PVA membrane was 

investigated by FESEM. 
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4.12.1     Fluorescence microscope  

Fig. 4.32 displayed the florescence microscope images of (a) JP enzyme; (b) BP/PVA 

membrane; (c) JP-immobilized BP/PVA membrane; and (d) JP-immobilized BP/PVA 

membrane after MB dye removal. It was observed in Fig. 4.32 (b) that there was 

negligible florescence signal, thus confirming that there is no presence of enzyme on 

the BP/PVA membrane. The green bright spots identified from Fig. 4.32(c) were the 

morphology of free peroxidase. The appearance of heterogeneous fluorescence 

distribution on the JP-immobilized BP/PVA membrane, confirmed the successful 

attachment of JP enzyme on the BP/PVA membrane (Shen et al., 2015). Clearly, the 

intensity of the fluorescence signal on the membrane was greatly reduced after the MB 

dye degradation process. This might due to the blockage of the MB dye molecules on 

the active site of peroxidase. Similar findings were reported by previous researchers 

(Anwar et al., 2017, Shen et al., 2015).  

 

Fig. 4.32: Fluorescence Microscopy images of (a) Jicama peroxidase; (b) 

BP/PVA; (c) JP-immobilized BP/PVA membrane; (d) JP-immobilized BP/PVA 

membrane after the MB dye removal process, under magnifications of 100 µm. 
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4.12.2     FTIR analysis 

Fig. 4.33 displayed the comparison of FTIR spectrum of JP-immobilized BP/PVA 

before and after MB dye removal. FTIR analysis was performed to study the existence 

of functional groups before and after MB dye removal. The backbone structures of 

MWCNT BP/PVA membrane were observed at 1320- 1540 cm-1 and 2840 – 2920 cm-

1, representing stretching C=C and C-O bonds, respectively. Also, the broad peaks at 

1520 – 1640 cm-1 and 2860 - 3640 cm-1, were corresponded to the oxygenated 

functional groups, such as O=C-H, C=O and OH groups (Sadegh et al., 2019). These 

observations confirmed the effective surface functionalization of BP membrane, as 

well as effective binding of PVA onto the BP membrane. Besides, the appearance of 

broad stretching peaks at 1550 cm-1 and 1620 cm-1 were assigned acylamino groups 

(N-H and C=O amide band), which verified the successful peroxidase immobiliza t ion 

on BP/PVA membrane (Jua et al., 2020b). The findings were in good agreement with 

the result reported by Azevedo et al. (2015), for the immobilization of HRP on surface 

modified MWCNT.  

 

It was noticeable that there were some distinct changes of intensities and positions of 

infrared bands observed between the spectra before and after MB dye degradation on 

the JP-immobilized BP/PVA membrane. Fig. 4.33(b) showed that there were some 

peaks were shifted, some peaks were disappeared and the formation of new peaks for 

the spectrum, due to the adsorption of MB dye on the membrane. The appearance of 

new bands at 610 cm-1, 850 cm-1 and 1150 cm-1 were corresponded to the C-H, N-H 

and C-N stretching groups respectively (Boukhalfa et al., 2019). Besides, the peaks at 

1500 cm-1 and 2260 cm-1 indicates the C-C and -C≡C- bonds. Furthermore, there was 

remarkable wider bands at 3600 cm-1 to 3850 cm-1, which corresponds to –OH groups 

(Peydayesh and Rahbar-Kelishami, 2015). Thus, these peaks confirmed the interaction 

between the functional groups on the surface of JP-immobilized BP/PVA membrane 

and the MB dye molecules (Benhouria et al., 2015). The peak at 1500 cm-1 revealed 

that the framework of the JP-BP/PVA membrane remained unchanged after MB dye 

degradation (Jun et al., 2019a). 
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Fig. 4.33: FTIR spectrum of JP-immobilized BP/PVA (a) before and (b) after MB 

dye removal. 

 

4.12.3     FESEM analysis 

FESEM analysis was used to compare the surface microscopic structures of the JP-

immobilized BP/PVA membrane before and after MB dye removal. Fig. 4.34 

represents the FESEM images of JP-immobilized BP/PVA membrane before and after 

MB dye adsorption. Fig. 4.34 (a) and (b) showed that the surface of JP-immobil ized 

BP/PVA membrane was highly porous, which play major role in enhancement of 

enzyme loading capacity and adsorption of MB dye molecules (Jun et al., 2019a). After 

the adsorption of MB dye, the surface of immobilized JP membrane became thicker 

and rougher, as shown in Fig. 4.34 (c) and (d). The appearance of the coarser 

membrane surface was due to the formation of precipitate during the enzymatic 

biodegradation of the adsorbed dye molecules, resulting in the gradual reduction of 

dye removal efficiency after several cycles of repeated (Mubarak et al., 2016).  
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Fig. 4.34: FESEM images of the surface of JP-immobilized BP/PVA membrane , 

(a, b) before and (c, d) after MB dye removal under magnifications of 80,000 x 

(1µm) and 120,000 x (500 nm), respectively. 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1     Conclusions 

For the past decades, immobilized enzyme technology has been introduced as an 

alternative to many conventional wastewater treatment methods owing to its intrins ic 

features. For instance, high catalytic efficiency, environmental friendliness, mild 

reaction conditions, and low energy consumption. However, the problems associated 

with the use of immobilized enzyme for wastewater treatment need to be addressed, 

which are lack of long-term stability, complicated process for enzyme separation from 

reaction medium, poor reusability properties, and difficulty in scale up for industr ia l 

application. In this regard, the application of a nanobiocomposite, developed by 

immobilization of jicama (Pachyrhizus erosus) peroxidase onto BP/PVA membrane, 

for dye effluent treatment was investigated in this study. 

 

For Objective 1, the BP-reinforced PVA nanocomposite membrane was synthesized 

from functionalized MWCNT into a macroscopic sheet via vacuum infiltra t ion 

method. The BP/PVA membrane was characterized with large specific surface area, 

highly porous and hollow structure, exceptional adsorption capacity, biocompatib le, 

and excellent anti-microbial and anti-fouling properties. These characteristics make 

BP/PVA membrane a potential and promising support for enzyme immobilization. In 

this research work, peroxidase was successfully immobilized onto the BP/PVA 

membrane via covalent bonding method through glutaraldehyde as cross-linker. The 

optimum immobilization efficiency of JP on the BP/PVA membrane (81.74%) was 

achieved at pH 6, 0.13 U/mL initial enzyme loading and 130 min immobilization time. 
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BP/PVA membrane possessed high enzyme loading capacity of 217 mg/g, owing to 

its large surface-to-volume ratio, as well as strong electrostatic interactions between 

JP and BP/PVA membrane. Compared to the free peroxidase, immobilized JP has also 

shown great improvement of operating and storage stabilities. Besides, immobil ized 

JP also exhibited higher resistance to pH and temperature variation in comparison with 

its free counterpart.  

 

As for Objective 2, the characterization analysis performed confirmed the 

biocompatibility and effective binding of JP on the BP/PVA membrane support. From 

the FESEM study, results revealed that JP-immobilized BP/PVA membrane has a 

rougher surface with more saturated pores. Therefore, the highly porous membrane 

surface of the membrane can enhance the density of enzyme loading capacity. Besides, 

EDX analysis showed the generation of the oxygenated functional group on the JP-

immobilized BP/PVA membrane as it exhibited a higher mass fraction of oxygen 

content (38.35 wt. %) compared to the BP/PVA membrane (11.47 wt.%). Moreover, 

FTIR analysis indicated the generation of acylamino groups through amidina t ion 

reaction after the immobilization of JP on BP/PVA membrane, which further 

confirmed the successful binding of JP on membrane support via covalent bonding. 

Additionally, as compared to the BP/PVA membrane, TGA analysis discovered the 

significant enhancement of thermal stability of JP-immobilized BP/PVA membrane 

due to its highly organized structure.  

 

To address Objective 3, the performance of peroxidase-immobilized BP/PVA 

membrane for batch dye treatment under various operating parameters were optimized. 

Up to 99.51 % MB dye decolourization performance was achieved using the JP-

immobilized BP/PVA membrane at pH-5.8, 179 rpm, ratio of H2O2/MB dye of 73:1,  

within 229 min under batch treatment. Under this condition, the average maximum 

MB dye removal efficiency of 99.38 % was achieved, which was very close to the 

predicted value. Compared to the BP/PVA membrane, the reusability test revealed that 

JP-immobilized BP/PVA membrane has superior regeneration efficiency as it can 

retain 64% of its dye removal efficiency even after eight consecutive cycles. Therefore, 

the results validated that JP-immobilized BP/PVA membrane has a better dye removal 
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efficiency compared to BP/BPA membrane due to its synergistic effects of the 

adsorption and catalytic reaction 

 

Lastly, for Objective 4, the viability and performance of peroxidase-immobil ized 

BP/PVA membrane in the membrane column under batch recycled mode were 

optimized.  With the aim of scaling up the process to pilot plant scale, the effects of 

independent variables such as influent flow rate, ratio of H2O2/MB dye concentration, 

and contact time, on the MB dye removal efficiency were investigated using RSM. 

Results showed that the optimum dye removal efficiency of 99.7% was achieved at a 

flow rate of 2 mL/min, the ratio of H2O2/dye concentration of 75:1, within 183 min.  

Studies revealed that the immobilized JP membrane could be reused up to eight cycles 

for MB dye degradation, while retaining 73 % of dye removal efficiency.  

 

Compared with BP/PVA membrane, JP-immobilized BP/PVA membrane showed a 

better adsorption performance for the MB dye removal, with a maximum monolayer 

adsorption capacity of 229.36 mg/g. This is due to the presence of JP enzyme on the 

BP/PVA membrane, which can aid in biodegradation of the adsorbed MB dye 

pollutant via catalytic reaction, and resulting in regeneration of saturated adsorption 

sites. The adsorption isotherm studies revealed that the adsorption of MB dye onto the 

immobilized JP membrane fitted well by Freundlich model. The adsorption kinetic 

data followed the pseudo-second-order kinetic model. The thermodynamic studies 

indicated that the dye removal process using immobilized JP membrane was 

favourable, spontaneous, and exothermic in nature. Moreover, desorption studies also 

confirmed the existence of simultaneous adsorption-degradation of MB dye by JP-

immobilized BP/PVA membrane. Furthermore, the possible interaction between MB 

dye molecules and the JP-immobilized BP/PVA membrane surface was evaluated by 

comprehensive structural analyses. Fluorescence microscopy, FTIR, and FESEM 

analyses, had also revealed the effective MB dye removal from aqueous solution using 

immobilized JP membrane. 
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To sum up, BP/PVA membrane is a promising support material for the immobiliza t ion 

of jicama peroxidase through covalent attachment. The outstanding performances of 

the immobilized peroxidase membrane system hold great potential for the 

development of eco-friendly, economically feasible, and sustainable continuous dye 

remediation process. The integration of immobilized enzymatic and nano-membrane 

technology is expected to bring notably impacts of advanced enzyme immobiliza t ion 

technologies in various fields. The contributions of this work can provide the 

fundamental insight and establish a solid basis for further developing an industr ia l 

process for continuous dye wastewater treatment in pilot scale. 

5.2     Recommendations 

Some recommendations were suggested for further improvement and future research 

work was summarized as follows: 

i. High pressure liquid chromatography-mass spectrometry (HPLC-MS) can

be used to analyze and identify the intermediate products and /or by-

products from the dye biodegradation process.

ii. The performance of partial purified enzyme can be compared with the

crude enzyme.

iii. Evaluation on the feasibility of JP-immobilized BP/PVA membrane for

removal of various types of dyes and/or other types of pollutants, such as

phenol and heavy metal from aqueous solution. Moreover, real industr ia l

wastewater can be used for the test run.

iv. The acute toxicity test of the dye effluent after the biodegradation process

should be evaluated.

v. Membrane fouling studies can be performed to have a better understanding

on the JP-immobilized BP/PVA membrane after biodegradation.
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vi. The economic analysis can be conducted to assess the viability of JP-

immobilized BP/PVA membrane for industrial wastewater treatment 

application.  

 

vii. Simulation and mass transfer modelling can be performed to have a better 

understanding on the kinetics and mechanisms of the dye removal process.  

 

viii. Further studies on continuous dye removal using JP-immobilized BP/PVA 

membrane in column system are required for process improvement and to 

exploit their full potential for wastewater treatment at industrial level.   
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APPENDIX A 

Table A1: Raw data for protein concentration standard curve.  

Protein concentration 

(µg/mL) 

Absorbance λ595 

(nm) 

0 0 
 

10 0.02 

 

25 0.105 
 

50 0.171 

 

100 0.325 
 

200 0.681 

 

 

Fig. A1: Standard curve of protein concentration.  
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APPENDIX B 

 

Table B1: Properties of methylene blue dye (Mahmoud et al., 2013). 

 

Name of Dye Methylene Blue (MB) 

 

Structural formula 

 

Colour Index name Basic Blue 9 trihydrate 

  

IUPAC name 3,7-bis(Dimethylamino)-phenothiazin-5-ium 
chloride 
 

CAS number 61-73-4 
 

Colour index number  52015 
 

Chemical formula C16H18N3SCl x H2O 

 

Molecular weight (g/mol) 319.86 (anhydrous) 
 

Maximum absorption 

wavelength, λmax (nm) 

665 

 
 

Molecular diffusivity (Dmol) 

(at 25ºC) 

4.7 x 10-6 (cm2/s) 
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Table B2: Raw data for MB dye concentration standard curve. 

Concentration of MB dye   

(mg/L) 

Average Absorbance, λ665  

(nm) 

 

1 0.185 

 

2 0.347 
 

3 0.514 

 

4 0.670 
 

5 0.786 

 

 

 

 

Fig. B1: Standard curve of MB dye concentration. 
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APPENDIX C 

Table C1: Experimental array for enzyme immobilization efficiency. 

Run pH Enzyme 

Concentration 

(U/mL) 

Contact Time 

(min) 

Immobilization 

Efficiency (%) 

1 6 0.5 135 72.56 

2 8 0.1 30 60.73 

3 6 0.9 135 69.75 

4 4 0.9 240 53.84 

5 6 0.5 30 61.27 

6 4 0.9 30 51.74 

7 4 0.1 240 70.54 

8 8 0.9 240 53.22 

9 4 0.1 30 67.17 

10 6 0.5 240 64.50 

11 8 0.5 135 60.97 

12 4 0.5 135 67.33 

13 8 0.1 240 63.80 

14 6 0.5 135 75.02 

15 6 0.1 135 81.56 

16 8 0.9 30 50.56 
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APPENDIX D 

Table D1: Experimental array for batch dye removal efficiency using 

immobilized JP membrane. 

Run pH Agitation 

Speed 

(rpm) 

H2O2 

Concentration 

(mM) 

Contact 

Time 

(min) 

Dye Removal 

Efficiency  

(%) 

1 3 100 9 360 20.98 

2 9 100 9 360 9.18 

3 3 200 9 60 39.76 

4 9 200 1 60 31.26 

5 9 100 1 60 20.63 

6 6 150 9 210 75.34 

7 9 100 9 60 11.28 

8 3 200 9 360 53.21 

9 3 100 1 360 26.75 

10 6 200 5 210 94.12 

11 3 100 9 60 17.28 

12 6 100 5 210 52.64 

13 3 100 1 60 22.63 

14 3 200 1 60 49.98 

15 9 200 9 360 61.23 

16 3 200 1 360 99.02 

17 9 200 9 60 23.62 

18 6 150 5 60 62.25 

19 9 100 1 360 25.36 

20 3 150 5 210 71.41 

21 6 150 5 210 87.98 

22 6 150 5 210 88.56 

23 6 150 1 210 88.21 

24 6 150 5 360 90.12 

25 9 150 5 210 75.58 

26 9 200 1 360 80.98 
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APPENDIX E 

Table E1: Experimental array for dye removal efficiency in column studies 

under batch recycled mode. 

Run Flow rate 

(mL/min) 

Ratio H2O2 /Dye 

Concentrations 

Contact Time 

(min) 

Dye Removal 

Efficiency (%) 

1 5 37.39 240 35.46 

2 3 205.64 135 82.45 

3 5 373.89 30 5.19 

4 3 373.89 135 64.34 

5 1 37.39 240 99.02 

6 5 205.64 135 63.29 

7 5 37.39 30 6.18 

8 3 37.39 135 84.03 

9 1 37.39 30 42.57 

10 1 373.89 30 7.34 

11 3 205.64 30 35.59 

12 3 205.64 135 78.32 

13 1 373.89 240 32.56 

14 1 205.64 135 73.54 

15 3 205.64 240 80.34 

16 5 373.89 240 15.22 
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1. Figure 1.1, reprinted with permission from Katheresan, v., 

Kansedo, j. & Lau, s. y. 2018. Efficiency of various recent 

wastewater dye removal methods: A review. Journal of 

Environmental Chemical Engineering, 6, 4676-4697. 

2. Table 2.2, reprinted with permission from Lazzarotto, f., Turchetto-

zolet, a. c. & Margis-pinheiro, m. 2015. Revisiting the Non-Animal 

Peroxidase Superfamily. Trends in Plant Science, 20, 807-813. 
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