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Abstract 

This study investigates the preparation of azolla-based bimetallic metal-organic frameworks 

carbon composites and evaluate removal efficiency of methylene blue dye from aqueous 

solution. XRD analysis showed that the samples formed a well-crystalline spinel Zn-Co oxide 

phase in the carbon matrix. FESEM showed that the higher-temperature samples were highly 

porous and interconnected. The incorporation of bimetallic components into the carbon matrix 

was confirmed by EDX. The photocatalytic degradation of methylene blue was obtained over 

90% within 60 minutes of UV irradiation. To study the adsorption isotherm of the material, 

Langmuir and Freundlich isotherm were plotted for the experimented data. Maximum 

adsorption capacity was 99.70 mg/g. The pseudo-second-order model was fitted showing the 

highest rate constant of 0.01376 min-1. The photocatalytic degradation efficiency followed the 

order Zn-Co-Oxide/CNH@900 > Zn-Co-Oxide/CNH@800 > Zn-Co-Oxide/CNH@700 > 

PAC@900. This work suggests that azolla derived bimetallic MOF composites can be used as 

a promising, sustainable and cost-effective material in dye removal by photocatalytic reactions 

and wastewater treatment applications. 

Keywords: Zn-Co composite, Azolla, Photocatalytic, Metal-organic frameworks, Porous 

Carbon, Methylene blue 
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CHAPTER 1 

1. Introduction 

1.1 Background 

Water is one of the most essential natural resources for the existence of life and maintenance 

of ecological balance. Demand of water has been increased due to rapid population growth, 

urbanization and industrial development that resulted to excessive use and contamination of 

available freshwater resources (Water, 2020; Zou et al., 2025). Inappropriate garbage disposal, 

agricultural runoff, and industrial waste discharge have been the primary causes of water 

contamination (Sharma et al., 2024; Turner et al., 2021). When solid wastes are dumped 

directly of near water bodies, harmful liquids are released called leachates. There are still 2 

billion people in the world who drink water contaminated with feces and other microorganisms 

(WHO, 2019). This poor water scenario has devastating effects particularly for young children. 

In fact, each year about 1.4 million children under the age of five suffer from waterborne 

diseases (Prüss-Ustün et al., 2019). Children develop neurological damage, cognitive 

dysfunction and developmental delays at even 5-10 μgL-1  of heavy metal such as lead 

(Lanphear et al., 2019). It is reported that communities living nearby poorly managed dumping 

sites consume fish with mercury content up to ten times the permissible limit (Chisanga et al., 

2025).  

When rainwater flows or irrigation water flows over the agricultural land, it carries away 

fertilizer, pesticides and herbicides into the water bodies such as rivers, lakes and groundwater. 

Due to this agricultural runoff occurs and excessive growth of algae occurs, known as 

eutrophication. It reduces oxygen levels and kills aquatic organisms. About 70% of freshwater 

is utilized in agriculture worldwide. Consequently, it leads to water quality degradation in 

rivers and lakes (FAO, 2020). Groundwater sources are contaminated with nitrate by about 

50% due to the fertilizers used in agriculture. This causes methemoglobinemia in infants. There 

is 15-20% high risk of colorectal cancer in adults (Sutton et al., 2011; Ward et al., 2018). 

Aquatic insects are declined by up to 42% in pesticide contaminated water which severely 

disrupt food webs and ecosystem balance (Beketov et al., 2013). Industrial discharge further 

adds threat to water quality. Untreated wastewater is released directly into water resources 

from many factories and industries that contains synthetic dyes, organic solvents and other 
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harmful chemicals (Forgacs et al., 2004; Yunusa et al., 2021). From textile industry alone, over 

200,000 tons of synthetic dyes are discharged into water bodies every year worldwide (Kant, 

2012). These dyes are persistent to natural degradation and persist in the environment for 

longer period of time. Studies have shown that industrial effluents such as methylene blue dye 

can decrease the light penetration in water by up to 75%. Due to it, it inhibits photosynthesis 

by aquatic plants ultimately destroying the aquatic plant life (Yusuf, 2019). Diseases like liver 

damage, kidney disease and hormonal disruption are linked by 30-40% in communities living 

near the industrial discharge areas because of long-term exposure to industrial pollutants 

(Järup, 2003). The WHO has reported around 1.4 million deaths  per year due to unsafe water, 

inadequate hygiene and poor sanitation, with industrial pollution being a major factor for 

contribution in developing countries (WHO, 2019). 

Over 80% of the world’s wastewater is released into environment without enough treatment 

and more than 3 billion population currently lack access to safe drinking water (Organization, 

2021). Every year, water pollution is responsible for more deaths than war, terrorism and all 

forms of violence (Landrigan et al., 2018). This growing trend of water contamination, its 

harmful consequences on human health and the natural environment make it totally clear that 

there is urgency of effective mitigation strategies without anu further delay. All these statistics 

demand development of efficient water treatment and purification technology for sustainable 

water purification process. 

1.2 Dyes as major water pollutant 

The increasing growth of industries such as  textiles, leather tanning, food processing, paper 

manufacturing and cosmetics has led to the release of high quantities of synthetic dyes into 

water resources (Shabir et al., 2022). Dyes are complex organic compounds which are 

chemically stable and resistant to degradation. So, it is particularly challenging for removal 

from wastewater. Synthetic dyes are one of the most hazardous pollutants among the various 

types of industrial pollutants due to their persistence, visibility even at very low concentrations 

and toxicity to living organisms. Over 800,000 tonnes of synthetic dyes are produced annually, 

with an estimated 100,000 different varieties currently being used commercially globally 

(Kusumlata et al., 2024). Among different industries, the textile industry is the largest one to 



3 

 

consume synthetic dyes. It is also responsible for creating the greatest volume of dye 

contamination in water. Approximately 10-15% of the total dyes are lost while dyeing 

operations and ultimately discharged into wastewater streams without enough treatment 

(Periyasamy, 2024). 

The dyes are clearly visible even at very low concentrations as low as 1 mg. L-1 so, it causes 

significant damage in aesthetics and ecology (H. Ali, 2010). Dye molecules adsorb and also 

reflect sunlight entering the water which reduce light penetration and inhibits the 

photosynthesis of phytoplankton and aquatic plants. Fish and other aquatic species perish under 

hypoxic conditions caused by this disturbance of primary productivity that lowers dissolved 

oxygen level. Dye-contaminated water can reduce dissolved oxygen concentrations to lower 

than 2 mg. L-1 which is insufficient to support most forms of aquatic life (Ogugbue & Sawidis, 

2011). Beyond ecological damage, synthetic dyes can cause serious human health risks. Many 

dyes and their degraded products are toxic, mutagenic and carcinogenic. Azo dyes are major 

used synthetic dyes that can undergo reductive cleavage in anaerobic condition to produce 

aromatic amines. Some of them are known to cause cancer in humans (Chung, 2016). Long 

term exposure to contaminated water with dyes can cause allergic reactions, skin irritation, 

respiratory disorders, dysfunction of the kidneys and liver, and an increased risk of bladder 

cancer (Lellis et al., 2019). 

Methylene blue (MB) is as cationic thiazine dye with molecular formula C16H18ClN3S and a 

molecular weight of 319.85 g/mol (Information, 2021). It consists of a phenothiazine core with 

two dimethyl amino groups and a chloride counter ion as shown in figure 1. It is one of the 

most commonly discharged in industrial wastewater. It is widely used in paper printing, textile 

dyeing, and biological staining. Though it is sometimes considered less toxic in comparison to 

other synthetic dyes, methylene blue (MB) can cause different harmful effects in humans that 

include eye irritation,, nausea, vomiting, diarrhea, and methemoglobinemia at high 

concentrations (Yagub et al., 2014). It is highly stable in aquatic environment and is difficult 

to degrade by conventional treatments because of which makes it a persistent pollutant of 

significant concern. It imparts intense blue colour, even at trace concentrations (Jack Clifton 

& Leikin, 2003). 
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Figure 1: Molecular structure of methylene blue 

1.3 Methods of removal of dyes 

Over the years, various methods of treatment have been developed and are in applications. 

They are classified as physical, chemical and biological methods. Each of these approaches 

has shown different degrees of efficiency depending on the type of dye, its concentration and 

the properties of the wastewater. However, all of them have their own limitations which restrict 

their widespread and long-term applications. 

I. Physical methods 

a. Adsorption 

Adsorption is physical methods for dye removal from wastewater. In this process, dye 

molecules are attracted to and held on the surface of an adsorbent. Activated carbon is 

commonly applied as adsorbent due to its high specific surface area and high adsorption 

capacity.  It has been reported that activated carbon  can perform up to 99% dye removal 

efficiencies under optimized conditions (Crini, 2006). However, commercial activated carbon 

is expensive to produce and hard to regenerate after use so economical large-scale application 

is challenging, particularly for developing countries (Singh & Fulekar, 2010).  

b. Membrane filtration 

Membrane filtration techniques such as nanofiltration, ultrafiltration, and reverse osmosis have 

been used effectively for the separation of dye molecules from the wastewater. Removal 

efficiency more than 95% is shown by these methods and are capable of treating large volume 
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of effluents (Kasperchik et al., 2012). However, this system require high initial investment 

costing, consume high amounts of energy and are prone to membrane fouling (Judd, 2017). 

c. Coagulation and flocculation 

Coagulation and flocculation include the addition of chemical agents like alum, ferric chloride, 

or lime to wastewater which cause dye particles to aggregate into larger clumps and can be 

separated by sedimentation or filtration. This method is simple to operate and comparatively 

cheaper.  It has been investigated that it has shown 70-90% of removal efficiencies for certain 

types of dyes (Mcyotto et al., 2021; Saritha et al., 2017). Nevertheless, this method generates 

large volume of chemical sludge which require further treatment and disposal. They are 

generally less effective for reactive and soluble dyes (Iwuozor, 2019).  

d. Ion exchange 

In this method, the dye ions are replaced with less harmful ions from a resin material in 

wastewater. This method is highly selective and can acquire good removal efficiencies for 

ionic dyes. However, ion exchange resins are expensive. They have limited capacity and can 

be easily fouled due to the suspended particles and organic matter present in industrial 

wastewater (Joseph et al., 2020; Kansara et al., 2016). 

II. Chemical methods 

a.  Chemical oxidation 

In chemical oxidation, strong oxidizing chemicals are used to break down dye molecules into 

simpler form and less toxic compounds. Ozonation decolorize dye solutions within short 

contact times. However, these methods are expensive as the cost of oxidizing agents are high 

and require precise control of operating conditions. This may also produce toxic byproducts 

which require further treatments (Türgay et al., 2011). 

b. Advanced oxidation processes 

Advanced oxidation processes (AOPs) such as Fenton oxidation, photocatalysis and 

UV/hydrogen peroxide treatment usually generate highly reactive hydroxyl radicals that can 
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degrade a wide range of dye molecules into carbon dioxide and water. It has been reported to 

remove over 90% dye. Despite their effectiveness, AOPs costs high operational cost, require 

sophisticated equipment, sensitive to pH and other water quality parameters. It also may 

generate harmful intermediate products during degradation (Bethi et al., 2016). 

c. Photocatalysis  

 Photocatalysis is a process in which a semiconductor material like titanium dioxide and zinc 

oxide is activated by ultraviolet or visible light to generate reactive species to degrade dye 

molecule. This methods has attracted researchers due to its potential for complete 

mineralization of dyes without producing secondary pollutants (Chong et al., 2010). But it is 

limited by the need of artificial light sources. It is difficult to recover the catalyst after treatment 

and efficiency reduces in turbid or highly concentrated wastewater (Nazri & Sapawe, 2020). 

III. Biological methods 

a. Biodegradation 

Dyes molecules are converted into simpler form from complex with the help of 

microorganisms like bacteria, fungi and algae. These final products are less harmful. Certain 

species of fungi like white rot degrade synthetic dyes into simpler form through their 

extracellular enzymes such as laccase and peroxidase (Forgacs et al., 2004). Biodegradation is 

an environmentally friendly and cost-effective method. Despite of this advantage, it has 

limitations. It is a slow process and is highly sensitive to changes in temperature, pH, and the 

presence of toxic compounds. It is also ineffective for such dyes that are resistant to microbial 

attack, such as azo dyes under aerobic conditions (I. Ali, 2010). 

b. Phytoremediation 

Phytoremediation uses plant-derived materials to absorb, accumulate of degrade pollutants 

from wastewater. Some aquatic plants such as azolla, duckweed and water hyacinth have 

shown an ability to uptake and reduce dye concentration in water (Amalina et al., 2022; Jeffrey 

et al., 2025; Sundararaman et al., 2021). This is low cost, environmentally sustainable and eco-

friendly method. However, its limitations are slow treatment rates, dependency on climate and 
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seasonal conditions, requirement of large space and the problem of disposing dye-laden plant 

biomass after treatment. 

c.  Biosorption 

Biosorption is passive uptake of dye molecules by non-living biologically derived materials 

like agricultural wastes, algae biomass, and plant residues. It has gained quite good attention 

as a promising alternative to conventional adsorption because of the wide availability and low 

cost of biosorbents (Torres, 2020). In spite of having different advantages, they generally have 

lower adsorption capacities compared to activated carbon. They have limited reusability and 

their performance can be significantly affected by competing ions and changing pH levels in 

real wastewater. 

Despite the availability of a wide range of method to remove dye, no single current technique 

has proven to be completely adequate for practical large-scale application. Physical methods 

are costly and difficult to regenerate. Membrane filtration has limitation of fouling and high 

energy demands. Chemical methods including oxidation and AOPs involve high operational 

costs and toxic byproducts. Biological methods are slow, sensitive to operative conditions, and 

ineffective against many recalcitrant synthetic dyes. Furthermore, most of these techniques 

merely transfer dye pollutants from one phase to another rather than completely eliminating 

them, leading to secondary pollution problems (Lellis et al., 2019). The generation of high 

volumes of sludge, the requirement of skilled operation, and lack of cost-effectiveness at 

industrial scale remain long-lasting challenges (Crini & Lichtfouse, 2019). These limitations 

in spite of having several advantages collectively highlight the pressing need for the 

development of novel, low-cost, sustainable, eco-friendly materials and methods for the 

removal of dyes from wastewater. 

1.4 Mechanism of photocatalytic dyes degradation 

The mechanism of photocatalytic dye degradation starts when a semiconductor photocatalyst 

absorbs light of required energy equal to or greater than its bandgap energy. This causes 

electron in the valence bond of the catalyst excited and jump to the conduction band as shown 

in figure 2. It generates electron-hole pairs on the surface of photocatalyst (Ajmal et al., 2014). 
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The generated positive holes react with water molecules or hydroxide ions to generate highly 

reactive hydroxyl radicals on the surface of photocatalyst (•OH). Similarly, the excited 

electrons react with dissolved oxygen producing superoxide radical anions (•O2
-). These 

reactive oxygen species are very strong oxidants. They can degrade and attack almost all 

organic dye molecules (Nosaka & Nosaka, 2017). The hydroxyl radicals break down the colour 

of the dye molecule, which is due to the chromophore group, by splitting the conjugated 

aromatic ring system and thus breaking down the molecule into smaller compounds. These 

intermediates are then oxidized further until they are completely mineralized. After 

oxidization, carbon dioxide, water, and inorganic ions are formed as the final non-toxic 

products (Konstantinou & Albanis, 2004).    

   

Figure 2: Mechanism of photocatalytic dye degradation 

1.5 Nanomaterials and removals of dyes 

Nanomaterials are materials with 1-100 nanometers (nm) in one of the dimensions which 

exhibit unique physical, optical, electrical and chemical characteristics compared to their bulk 

materials (Dagdag et al., 2024). Nanomaterials has gained a significant attraction in modern 

civilization in different fields including wastewater treatment (Jangid & Prabhu Inbaraj, 2021). 

One of the attractive features of nanomaterials in wastewater treatment is high specific surface 

area. Therefore, nanomaterials can remove pollutants from wastewater more efficiently than 
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their corresponding bulk materials. Nanomaterials can be fabricated in different 

nanoarchitecture and composition as per required. Moreover, specific nanomaterials can be 

designed and developed for selective removal of more toxic pollutant (El-Fattah et al., 2024). 

Nanomaterials have been applied in different forms such as particle, membrane or in other 

forms to remove conventional to emerging pollutants from wastewater (Boulkhessaim et al., 

2022). In addition to other pollutants, nanomaterials, in general, possess high efficiency of 

removing dyes from wastewater due to their unique physicochemical characteristics. The 

adsorptive capacity of nanomaterials is very high due to their high specific surface area. 

Abundant functional groups can be developed in the surface of nanomaterials which binds 

particular dyes. Some nanomaterials such as ZnO and TiO2 are responsible for photocatalytic 

degradation of dyes (Ghamarpoor et al., 2024). Carbon nanomaterials and their 

nanocomposites have emerged as efficient and low-cost materials for removal of dyes from 

wastewater (Patel et al., 2024). 

1.6 Biowaste-derived carbon for dye removal 

Carbon materials have become an important material in wastewater treatment because of its 

high surface area, chemical stability and good affinity towards organic pollutants (Tan et al., 

2015). Activated carbon, biochar and carbon nanomaterials have been extensively investigated 

as dye adsorption materials from aqueous solutions. The surface functional groups and porous 

structure of these materials allow them to effectively interact with dye molecules via hydrogen 

bonding interaction, π-π interaction and electrostatic interaction (Ali, 2012). However, carbon 

nanomaterials are primarily derived from fossil resources causing rapid depletion of resource 

and environmental pollution. Another primary drawback is that these nanomaterials mainly act 

as adsorbents, transferring dyes from water to solid phase rather than degrading them, which 

created secondary wastes (Tan et al., 2015). Regeneration of spent carbon is often energy-

intensive, costly, and loss over repeated cycles. In addition, adsorption efficiency can be 

affected by pH, competing ions, and high concentration of dye. Also, pore blockage and 

surface fouling further reduce long-term effectiveness (Crini & Lichtfouse, 2019). These 

challenges limit large-scale applicability and have driven the interest towards functionalized 

and composite carbon materials with enhanced and multifunctional dye removal capabilities. 
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Biomass carbon materials have recently been considered as alternatives to conventional carbon 

materials resources because they are cheap, eco-friendly and renewable (Ioannidou & 

Zabaniotou, 2007). It was found that there are a number of carbon precursors, such as plant 

biomass, agricultural wastes, and algae, that have been widely studied. These sources are rich 

in carbon and also naturally rich in heteroatoms. The heteroatoms (N, O and S) and surface 

functional groups increase the surface reactivity and adsorption capacity, as well as interaction 

with organic pollutants (Tan et al., 2015). Biomass carbon is a more sustainable and cost-

effective activated carbon than commercial activated carbon in the treatment of wastewater. 

However, they often need additional modification and functionalization to realize their ideal 

performance and expand their application (Crini & Lichtfouse, 2019). 

1.7 Azolla as sustainable carbon precursor 

Azolla belonging to the Salviniaceae family, is heterosporous rapidly growing fern. It doubles 

its biomass in 2-5 days under optimal condition. Azolla can produce up to 10 kg of biomass 

per 100 m2 per day (Alebachew Chekol et al., 2024; Rashad, 2021).  Due to this capacity, it 

has been a subject of interest as one of the most promising sustainable bioresources. It is also 

called green gold mine because of this quality (Korsa et al., 2024; Vijayan et al., 2024). In 

addition, Azolla possess multiple applications such as biofertilizer, carbon dioxide 

sequestration, methane production reduction. Azolla forms a mutually beneficial relationship 

with Anabaena azollae in order to promote effective nitrogen fixation (Pereira, 2017; Peters & 

Mayne, 1974). that produce dense mats on the surface of freshwater. It grows rapidly on the 

surface of fresh water in minimal nutrients and can be easily harvested. Due to its exceptionally 

high growth rate and ability to fix atmospheric nitrogen through symbiotic cyanobacteria, it is 

rich in carbon and heteroatoms, especially nitrogen and oxygen. The unique chemical 

composition of Azolla makes it a suitable precursor for the synthesis of functional carbon 

materials (Bhuvaneshwari & Singh, 2015) 
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Figure 3: Photographic images of Azolla pinnata; (a) Azolla plant, (b) Azolla biomass and (c) Azolla 

biomass in unfavorable condition 

1.8 Metal-organic frameworks 

Metal-organic frameworks (MOFs) are porous crystalline materials formed by network of 

metal ions or clusters with organic molecules (Furukawa et al., 2013). MOFs have been used 

for a variety of applications including storage of energy, catalysis, sensing, and remediation of 

the environment due to their extremely high surface area, tunable pore structure, and a wide 

range of chemical functionality. MOFs are versatile materials, being able to be varied in 

composition and structure. However, these merits are not sufficient for the use of MOFs in 

aqueous wastewater treatment due to the low chemical stability, water resistance, and recovery 

and reusability. Most MOFs have a tendency to deteriorate or lose their structure upon 

extended water or reactive contact (Kreno et al., 2012). This has spurred the development of 

modifications to MOFs and even into more stable derivatives. 

1.9 Problem statement and research gap 

Extensive research has been carried out on the removal of synthetic dyes from wastewater 

using different adsorbents and photocatalysts including activated carbon, biochar, metal 

oxides, and metal-organic frameworks, individually. However, despite the growing interest in 

composite materials for enhancement in dye removal efficiency, the synthesis and application 

of MOF-based carbon composites specially derived from azolla biomass has not been reported 
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in literature yet. This shows a significant and unexplored research gap which is the aim of 

present study. 

Azolla is and adequately available aquatic fern and low-cost biomass that is rich in carbon 

content. It has been extensively explored and studied for its bioremediation potential. However, 

its potential as a precursor for the carbon synthesis intended for use in composite catalyst and 

adsorbents for dye removal has not been explored. On the other hand, metal-organic 

frameworks are well known for their exceptionally high specific surface area, tunable porosity, 

and ability to ensure the uniform distribution of metal or metal oxide nanoparticles at the 

nanoscale level. These are all highly desirable properties for both adsorptive and photocatalytic 

applications (Zhang et al., 2019). Despite these attractive properties, the combined MOF-

derived structures with azolla biomass-derived carbon into a single composite material for the 

dye removal application has not been investigated till today. Therefore, the present study is the 

first attempt to synthesize, characterize, and evaluate a MOF-based azolla biomass-derived 

carbon composite for the removal of methylene blue, with the aim of filling this important gap 

in the existing literature. 

1.10 Objectives   

 General objective 

To develop bimetallic Zn-Co-MOF-derived carbon composite from Azolla biomass for the 

methylene blue removal. 

Specific objectives 

To synthesize Azolla biomass-based carbon 

 To synthesize zinc-cobalt MOF assimilated azolla derived carbon composite  

To characterize as-prepared material by XRD, FESEM, EDX, FTIR. 

To evaluate the removal efficiency of methylene blue by using as-prepared carbon. 
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CHAPTER 2 

2. Literature Review 

Synthetic dyes are non-biodegradable, toxic and chemically stable and the treatment of dye 

contaminated wastewater is still a great challenge to the environment. Of these, methylene blue 

(MB) is widely applied in a variety of industries including textile, cosmetics, and paper, and 

can be released into water body at non-detrimental concentrations, yet it can still have an 

impact on the photosynthetic activity and water quality. The mutagenic and carcinogenic 

properties of MB and its degradation have been reported (Forgacs et al., 2004; Yagub et al., 

2014). These concerns highlight the importance of the need for effective, sustainable and 

economically viable treatment methods. 

 The traditional techniques of dye removal such as physical, chemical and biological have been 

used, with each having its drawbacks. Due to the high surface area and adsorption efficiency, 

the adsorption process using activated carbon has been extensively studied. But it is limited in 

practicality due to high cost, energy intensive regeneration and secondary waste generation 

(Ali, 2012). Although dyes can be partially removed by chemical treatments (coagulation, 

flocculation and oxidation), these processes may generate unwanted side products and 

consume significant amounts of chemicals, and biological treatments are ineffective for MB 

because of the dye’s chemical stability and resistance to microbial degradation (Crini & 

Lichtfouse, 2019; Sharma & Kaur, 2018). Although membrane-based processes have been 

proven to be very effective separation technologies, they are costly, fouling and require a high 

amount of energy, and hence cannot be widely used. 

There are several reasons for the development of carbon materials using biomass: they are 

inexpensive, sustainable, and effective adsorbers. Agricultural residues, algae and plant 

biomass have been converted to biochar or activated carbon with hierarchical porosity and 

functional surface groups that interact with dye molecules through hydrogen bonding, π-π 

interactions, and electrostatic forces (Meng et al., 2025; Tan et al., 2015). The presence of  

heteroatoms (N, O, and S) further boosts adsorption and catalytic ability (Fang et al., 2025). 

However, biomass-based carbon is a main adsorbent and can remove pollutants from a liquid 
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phase to a solid phase, but it does not degrade then. It is also affected by operational parameters 

like pH, ionic strength and pollutant concentration (Crini & Lichtfouse, 2019). Recent research 

has thus been directed towards functionalizing biomass carbons or incorporating catalytic 

components into them to achieve both adsorption and degradation.   

Metal-organic frameworks are versatile porous materials having high surface area and tunable 

pore structure and chemical functionality that are applicable to adsorption and catalysis 

applications. MOFs can be engineered to maximum the interaction if the dye molecules with 

the MOF through electrostatic, π-π, and coordination interaction (Furukawa et al., 2013; Kreno 

et al., 2012). However, the use of these in an aqueous system is restricted due to poor water 

stability, and issues of recovery and reuse (Burtch et al., 2014). Mitigating these drawbacks, 

MOFs can be thermally transformed into MOF-derived carbon materials and enhanced 

porosity and metal derived active sites, but with increased stability and conductivity. Zn-based 

MOF-derived carbon composites have exhibited higher adsorption capacity and photocatalytic 

activity for MB removal, which have been attributed to the synergistic effect of the two, while 

the bimetallic MOF-derived carbons have multiple active centers and facilitate the transfer of 

electrons, leading to faster degradation of the dye (Li et al., 2024; Zhang et al., 2020). 

Synergistic effects have been observed by integration of the biomass-derived carbon and MOF 

derived materials, which resulted in the enhancement of the photocatalytic performance. For 

these hybrid systems, the MOF part acts as a photocatalyst while the biomass carbon acts as a 

conductive pathway and extra adsorption sites. Recent reports indicated that the 

biomass@MOF based carbon composites possess higher efficiency of MB degradation than 

individual components, due to the enhanced light absorption, charge separation and the 

increase in the active sites (Li et al., 2025; Zhang et al., 2020). Photocatalytic degradation is 

mediated by ROS, including OH, which are produced by the degradation of MB molecules, 

and the addition of carbon matrices decreases the recombination of electron-hole pairs, which 

increases the photocatalytic (Li et al., 2024). 

Azolla is especially fascinating as a biomass source because it has a high degree of nitrogen 

and carbon content, high growth rates and is rich in heteroatoms that increase catalytic activity 

and surface interactions. The MOF integration can be achieved with the help of the stable and 
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high surface area carbon derived from Azolla as a substrate (Das et al., 2018; Kuppusamy et 

al., 2026). But its use with bimetallic MOF-derivative carbon in MB photocatalytic degradation 

is still under studied and has a remarkable research gap. The production of such composites is 

expected to offer sustainable, efficient, and cost-effective solutions to the treatment of 

wastewater that is contaminated with dyes. 

So far, although much work has been done on biomass carbon and MOF materials, most of the 

studies have been carried out separately in the area of adsorption or photocatalysis. Although 

a lot of research has been performed on biomass carbon and MOF materials, most of the works 

have been conducted separately, both in the field of adsorption and in the field of 

photocatalysis. It is noteworthy to note that by synthesizing the bimetallic MOF carbon 

composites derived from the azolla, high adsorption and high photocatalytic activity can be 

obtained, which is a gap in the literature. The present study aims to explore this approach to 

advance functional biomass-based materials for effective MB removal. 

The removal of methylene blue (MB) from wastewater using different treatment processes 

such as adsorption, photocatalysis, membrane filtration, advanced oxidation processes (AOP), 

and combination of these have been explored. Selected literature on MB removal is 

summarized in table 1 in which the adsorbent or material used, the operational conditions (pH, 

contact time), the maximum adsorption capacity, the removal efficiency and the isotherm and 

kinetic models used are presented. In most of the adsorption studies, the pseudo-second order 

kinetic model was found to be the best fit and the Langmuir or Freundlich isotherm models 

were found to be the best fit, indicating that the chemisorption is the major process involved 

in the removal process. The results presented in this study show this diversity of approaches 

and materials with which to investigate the removal of MB, and the necessity of using low 

cost, efficient and reusable adsorbents. 
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Table 1: Comparative summary of selected studies on methylene blue (MB) removal using various treatment 

methods 

Adsorbent / 

Material 

pH Contac

t Time 

Max 

Capacit

y (mg/g) 

Removal 

Efficienc

y 

Isotherm 

Model 

Kinetic 

Model 

Ref. 

KOH/FeCl3 

modified 

corncob 

biochar / 

alginate beads 

(MCB/ALG) 

ND ND 1373.49 >85% (5 

cycles) 

Langmuir Pseudo-

2nd order 

(H. Liu et 

al., 2023) 

Sulfonic acid-

modified 

magnetic 

sugar biochar 

11 ND 869.6 ND Langmuir Pseudo-

2nd order 

(Jiang et 

al., 2023) 

Al2O3 

nanoparticles 

on silica sand 

(SSC-Al2O3) 

6 75 min ND 95.33% Freundlic

h 

ND (Hussein 

& 

Rasheed, 

2025) 

Magnetic 

NaOH-

impregnated 

bamboo 

charcoal 

ND ND 497.51 ND ND Pseudo-

1st order 

(catalytic

) 

(Q. Liu et 

al., 2023) 

Commercial 

filter paper 

ND ND ND ND Freundlic

h 

Pseudo-

2nd order 

(Bogyor et 

al., 2025) 

Chestnut shell 

activated 

carbon + 

ND 300 min 1635 

(sat.) 

92% Freundlic

h 

Pseudo-

2nd order 

(An et al., 

2022) 
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pyrolytic snail 

shells (MCS3-

1) 

Fennel seed 

(Foeniculum 

vulgare) 

biochar (CO2 

activation) 

ND ND 22-43 ND Langmuir 

/ 

Freundlic

h 

Pseudo-

2nd order 

(Paluch et 

al., 2024) 

Fir bark-

derived 

activated 

carbon 

(ACFB) 

7 180 min 330 ND Freundlic

h / 

Temkin 

Pseudo-

2nd order 

(Luo et al., 

2019) 

Ball-mill 

modified 

biochar (BRB) 

8 90 min 50.27 99.78% Langmuir Pseudo-

2nd order 

(Wang et 

al., 2023) 

ZnO-RGO 

nanocomposit

e (3 synthesis 

methods) 

8 60 min 104.5 95% Langmuir Pseudo-

2nd order 

(Hussein et 

al., 2025) 

ZnO-loaded 

modified 

sugarcane 

bagasse 

biochar (Zn-

BCs) 

ND 50 min ND 99.6% ND ND (Ma et al., 

2025) 

Cellulose 

nanocrystals / 

carboxymethy

l cellulose / 

Alkalin

e 

120 min 38.3-

76.5 

79.9-

94.5% 

Freundlic

h 

Pseudo-

2nd order 

(Ibrahim et 

al., 2024) 
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zeolite 

membrane 

EuVO4/g-

C3N4 

mesoporous 

nanosheets 

(EVC-2) 

ND 30 min ND ~100% Langmuir Pseudo-

2nd order 

(Ran et al., 

2022) 

MIL-

100(Fe)/GO 

composite 

(1M8G) 

ND 210 min 60.8 95% Langmuir Pseudo-

2nd order 

(Wei et al., 

2024) 

Activated 

carbon-ZnO-

ammonia 

composite 

(AC-ZnO-

NH3) 

9 180 min 106.38 97.4% Langmuir 

/ 

Freundlic

h / 

Temkin 

Pseudo-

2nd order 

(Alprol et 

al., 2025) 

Zeolites 

(NH4BETA, 

NH4ZSM-5, 

NaY) under 

UV irradiation 

ND 180 min  ND Freundlic

h 

ND (Rakanovi

ć et al., 

2022) 

ND = Not determined/reported. Removal efficiency values are as reported under optimal 

conditions in each study. 

  



19 

 

CHAPTER 3 

3. Materials and Methods 

3.1 Materials 

Apparatus 

Beaker, volumetric flask, conical flask, measuring cylinder, funnel, centrifuge tubes, and 

Eppendorf tubes were used. 

Chemicals  

Cobalt nitrate hexahydrate [Co(NO₃)₂·6H₂O, ≥ 98%, Junsei Chemical Co.,Ltd.)], zinc nitrate 

hexahydrate [Zn(NO₃)₂·6H₂O), ≥ 98%, SRLchem), and 2-methylimidazole (99%, Sigma-

Aldrich), Methanol (99%, Qualigens), Methylene Blue (Loba Chemie). The materials were 

used as received without further purification was used as the solvent.   

Instruments 

Weighing balance (Ohaus E01140 Explorer), grinder, Tube furnace (Kejiafurnace), hot air 

oven (Gallenkamp), Muffle furnace, UV Source (Omnicure Series 1500), centrifuge machine 

(Biobase), and UV-vis spectrophotometer (UV-2600i, Shimadzu) were used. 

Biomass precursor 

The plant taken as biomass precursor was Azolla pinnata. It is classified as: 

Kingdom: Plantae 

Subkingdom: Pteridobiotina 

Phylum: Tracheophyta 

Class: Polypodiopsida 

Order: Salviniales 

Family: Salviniaceae 

Genus: Azolla 

Species: pinnata R. Br. 
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3.2 Methods 

3.2.1 Research design 

  

Figure 4: Research design 
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3.2.2 Plant selection 

Azolla was selected as the biomass precursor for the preparation of carbon sample due to its 

exceptional property of rapid growth, easy availability, and low cost (Hamdan & Houri, 2022). 

According to different studies that improve adsorption of pollutants such as dyes (Lu et al., 

2017). Also, its high biomass yield and eco-friendly nature make it a suitable precursor for 

designing and developing efficient and sustainable materials for wastewater treatment. 

3.2.3 Sample collection   

The sample, i.e., Azolla pinnata, commonly known as mosquito fern, was collected from the 

nearest farm located at Godawari, Lalitpur, Nepal. The herbarium of the selected plant species 

was prepared as shown in appendix 1 and identified at National Herbarium and Plant 

Laboratories (Lath), Godawari, Lalitpur, Nepal. 

3.2.4 Preparation of metal-organic frameworks integrated azolla biomass derived carbon 

The schematic diagram of the sample preparation is shown in figure 5. Initially, fresh azolla 

was taken, washed, sun-dried for 3 days and also oven dried in 60 °C for 48 h. Then the dried 

azolla was crushed into powder by mechanical grinder. 5 g of finely powdered Azolla biomass 

was taken in a conical flask. 4.91 g of cobalt nitrate hexahydrate, 1.487 g of zinc nitrate 

hexahydrate and 250 mL of methanol were added into the conical flask. It was then subjected 

to magnet stirring for 3 h. 9.85 g of 2-methylimidazole was dissolved in 200 mL of methanol 

by magnetic stirring for 15 min and added into conical flask containing azolla and shaken for 

2 min. It was left undisturbed for 20 h at room temperature. Next day, it was centrifuged at 

5000 rpm for 10 min and separated the residue. The obtained residue was oven dried at 60 °C 

for 24 h.  
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Figure 5: Schematic diagram of sample preparation  

2 g of prepared sample was carbonized at 900 °C for 2 h in a tube furnace in the inert 

atmosphere of nitrogen gas. 0.04 g of carbon sample was subjected to calcination at 410 °C for 

20 min in muffle furnace before testing photocatalytic dye degradation. For comparison, the 

sample was carbonized at 800 °C and 700 °C. Pristine azolla biomass was also carbonized at 

900 °C in similar condition.  

3.2.5 Materials characterizations 

X-ray Diffraction (XRD) 

Crystallinity and identification of as-prepared samples were examined by Powder XRD using 

X-ray diffractometer (XRD, Rigaku, Cu Kα (λ = 1.54056 A, 40 kV, and 40 mA). The 
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diffraction patterns were taken in a 2θ range of 10° to 80°. XRD is used to identify the 

crystallinity, phase composition and structural properties (Kiani, 2023).  

Field Emission Scanning Electron Microscopy and EDX 

The surface morphology and microstructure of the materials was analyzed by field emission 

scanning electron microscopy (FESEM, JEOL JSM). FESEM gives high-resolution images by 

using a focused beam of electrons emitted from a field emission source (Nandee et al., 2024).   

Attenuated total reflectance-Fourier transform infra-red (ATR-FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectroscopy was performed by a PerkinElmer Spectrum IR 

version 10.6.2 spectrophotometer in attenuated total reflectance (ATR) mode. This approach 

is done to analyze the presence of functional groups in the material (Berthomieu & 

Hienerwadel, 2009). The spectra were taken within the wavenumber range of 4000-400 cm-1 

after the deposition of as-prepared samples onto a diamond crystal. 

3.2.6 Preparation of methylene blue solution 

In a 1000 mL volumetric flask, 0.1 g of methylene blue was dissolved in 1000 mL distilled 

water to prepare 100 ppm methylene blue solution. It was then used as a stock solution. 

Different concentrations of methylene blue (2, 4, 6, 8, 10 ppm) were prepared for the 

calibration of methylene blue from the stock solution. Similarly, for adsorption and 

photocatalytic performance, 5, 10, 20, 40 ,50 and 60 ppm concentrations of methylene blue 

were prepared by serial dilution.  

3.2.7 Photocatalytic methylene blue degradation 

Initially, 50 mL 0f 10 ppm methylene blue solution was taken in 100 mL beaker and 0.01 g of 

prepared carbonized sample at 900 °C was added to it. It was then stirred magnetically in dark 

for 30 min. 4 mL of methylene blue solution was collected in 15 mL centrifuge tube from the 

beaker er for UV-vis analysis. Further the solution with carbon sample was exposed in UV 

(300-500 nm) for 15 min along with magnetic stirring as shown in figure 6. After 15 min, 

again 4 mL of methylene blue solution from the beaker was collected in centrifuge tube. This 

process was repeated for 30, 45, 60, 90 and 120 min of UV exposure to the methylene blue 
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solution containing carbon sample. UV-vis spectroscopy analysis of obtained methylene blue 

solution was done. For comparison, carbon sample carbonized at 700 °C and 800 °C and 

pristine azolla carbon carbonized at 900 °C were used for photocatalytic degradation in 10 ppm 

methylene blue solution.  

 

Figure 6: Schematic diagram of UV-irradiation to methylene blue solution 

Similarly, all four carbon samples were employed for photocatalytic degradation in different 

concentrations (5 ppm, 20 ppm, 40 ppm) taking 25 mL methylene blue solution and 0.005 g 

carbon sample for 30 min dark adsorption and 30 min UV exposure. For the UV analysis the 

absorbance of methylene blue was taken in the wavelength range from 550 nm to 750 nm with 

maximum wavelength ~664 nm. The determination is based on the Beer-Lambert law, which 

states that the absorbance of a solution is directly proportional to the concentration of the 

absorbing species. A calibration (quantitation) curve was prepared using standard MB 

solutions of known concentrations from 2 ppm to 10 ppm, giving a linear relationship between 

absorbance and concentration; 

A = mC + b     [1] 
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Where; A = absorbance of methylene blue solution 

 m = slope of calibration curve 

 C = Concentration of methylene blue 

 b = intercept of the calibration curve 

The concentrations of the collected samples were calculated by substituting the measured 

absorbance values into this equation. The degradation process was expressed as the normalized 

concentration ratio C/C₀, where C₀ is the initial dye concentration and C is the concentration 

at time t. The degradation efficiency was evaluated using the ratio C/C0. The percentage 

degradation of methylene blue was calculated by using formula: 

% Degradation = 
𝐶0−𝐶

𝐶0
× 100 %   [2] 

Where, C0= Initial dye concentration 

 C= Dye concentration at a given irradiation time 

The same experimental procedure was repeated for all four azolla-derived carbon samples. 
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CHAPTER 4 

4. Results and Discussion 

4.1 X-ray Diffraction analysis  

Figure 7 represents the X-ray Diffraction (XRD) patterns of as-prepared carbon samples. The 

XRD pattern of PAC@900 displayed two broad and relatively weak diffraction peaks centered 

at approximately 2θ = 26° and 2θ = 43°, which correspond to the (002) and (100) 

crystallographic planes of graphitic carbon, respectively. The broad and low-intensity nature 

of these peaks is characteristic of an amorphous to partially graphitic carbon structure, 

indicating that the Azolla biomass-derived carbon obtained at 900°C possesses a disordered 

carbon framework with limited long-range crystalline order (Marsh & Reinoso, 2006). The 

presence of the (002) reflection confirms the existence of stacked graphene-like layers within 

the carbon structure, while the (100) reflection is associated with the in-plane ordering of the 

carbon hexagonal lattice. The broad humps rather than sharp peaks confirm the predominantly 

amorphous nature of PAC@900, which is typical of biomass-derived activated carbon 

materials (Yahya et al., 2015). 
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Figure 7: XRD spectra of as-prepared carbon samples 

In the XRD pattern of Zn-Co-Oxide/CNH, it shows common peaks at 2θ of about 36° and 65° 

corresponds to the plane (311) and (440) respectively whereas few more peaks are prominent 

in the carbon composites at higher temperature (800 °C and 900 °C). They are at about 31°, 
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44° and 59° which corresponds to the plane (220), (400) and (511) respectively diffraction 

planes of Co3O4 (JCPDS No. 42-1467) (Mukhiya et al., 2020).   

4.2 FTIR analysis   

Figure 8 depicts the FTIR spectra of pristine Azolla powder, pristine Azolla carbon, and zinc-

cobalt integrated carbons prepared at different carbonization temperatures from 700 °C to 

900 °C. FTIR was done to study the presence of functional groups and detect the chemical 

transformations during carbonization and metal-carbon bond formations. The spectrum of 

pristine Azolla powder showed a broad peak at ~3316 cm-1 which corresponds to O-H 

stretching from hydroxyl groups in cellulose, hemicellulose, and adsorbed water, while peaks 

at ~2924 cm-1 corresponds to C-H stretching of aliphatic -CH2 /-CH3 groups. The band around 

1635 cm-1 is probably related to C=C stretching vibrations of the aromatic structure and may 

be due in part to H-O-H bending of the water molecules on the surface. The polysaccharide C-

O stretching was found around 1049 cm-1 and skeletal vibrations in the fingerprint region were 

found in the vicinity of 670 cm-1. The presence of rich concentration of oxygenated functional 

groups in azolla biomass is supported from these observations, which are in line with the 

previous report of the oxygenated functional groups found in lignocellulosic materials 

(Pandey, 1999). 

The FTIR spectrum of pristine Azolla carbon showed a significant reduction in O-H and C=O 

bands after carbonization. It indicates decomposition of unstable oxygenated groups. The 

presence of a band around 1635 cm-1 suggests the formation of aromatic C=C bond, depicting 

partial graphitization of the carbon matrix. This transformation aligns with previous studies 

showing that carbonization removes oxygenated functionalities and produces stable aromatic 

networks suitable as a matrix for metal incorporation (Sevilla & Fuertes, 2009). 
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Figure 8: FTIR spectra of Azolla and Azolla-derived carbon 

The FTIR spectra for all the metal incorporated carbon materials reveal the presence of N-

doped graphitic carbon and the metal-ligand interactions. The peak at around 1635 cm-1 

corresponds to C=C stretching vibration of the graphitic structure, which shows that the 

carbonization temperature of 700 °C to 900 °C leads to increased graphitization. The band 

around 1049 cm-1 is attributed to C-O stretching vibrations, indicating the existence of oxygen 

containing groups. The peak at 670 cm-1 is attributed to metal-oxygen (Zn-O and Co-O) 

vibrations, which helps to confirm the successful incorporation of the metal species into the 

carbon matrix. The gradual drop in the intensity of the O-H and C-H peaks and the increase in 

the intensity of C=C and metal-O peaks with increase in temperature show the improvement 

of carbonization temperature has a positive effect on the graphitization and metal-N 
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coordination, whereas the low temperature  preserves the presence of more organic functional 

groups on the surface (Lei et al., 2022). 

4.3 FESEM analysis 

The field emission scanning electron microscopy (FESEM) analysis was done to study the 

surface morphology and structural evolution of the synthesized Zn-Co-Oxide/CNH composites 

at different carbonization temperatures i.e. 700 °C, 800 °C and 900 °C along with the pristine 

azolla and MOF-incorporated uncarbonized samples. 

Figure 9 represents the field emission scanning electron microscopy (FESEM) images of 

Pristine azolla and metal integrated azolla biomass. The image of pristine azolla contains 

comparatively smooth surface structure whereas metal integrated azolla biomass showed 

crystal structures of about 1 μm size along with rough surface. This supports the formation of 

metal integrated biomass. 

 

Figure 9: FESEM image of a) Pristine Azolla, b) Bimetallic MOF incorporated Azolla 

Figure 10 represents the FESEM images of the as-prepared sample carbonized in 700 °C. 

Upon carbonization, significant morphological transformations are seen in all samples. The 

Zn-Co-Oxide/CNH shows highly aggregated and irregular structures with the formation of 

rough and porous carbon frameworks. It contains clustered particles suggesting partial 

decomposition of organic components and formation of carbonaceous structures. However, the 

pore distribution appears to be non-uniform. This may limit the efficient mass transfer during 

dye degradation. 
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Figure 10: FESEM images of Zn-Co-Oxide/CNH@700 

The Zn-Co-Oxide/CNH@800 becomes more defined than the sample carbonized at 700 °C as 

presented in figure 11. Interconnected porous networks are appeared with increased surface 

roughness. There is presence of partially developed spherical and irregular particles indicating 

the formation of metal oxide nanoparticles embedded within the carbon matrix. It supports the 

availability of active sites for the catalytic degradation.   

 

Figure 11: FESEM images of Zn-Co-Oxide/CNH@800 

The Zn-Co-Oxide/CNH@900 exhibits a distinctly different surface morphology characterized 

by well-defined spherical and quasi-spherical particles as shown in figure 12. They are 

relatively uniform size distribution with approximately 400 nm diameter. These particles are 

so tightly packed but with inter-connecting voids that a highly porous structure is formed. This 

morphological structure formation can be explained by the higher level of decomposition of 
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the metal-organic frameworks precursor and the improved crystallization of the metal oxides 

at high temperature.  

 

Figure 12: FESEM images of Zn-Co-Oxide/CNH@900 

Comparatively, the progression from 700 °C to 900 °C clearly shows the effect of 

carbonization temperature on structural evolution. Higher the temperature, better the 

graphitization, improved pore development and more uniform dispersion of metal oxide 

nanoparticles.    

4.4 EDX analysis 

Figure 13 represents elemental mapping of the optimized Zn-Co-Oxide/CNH@900 sample 

using energy-dispersive X-ray spectroscopy (EDX). The elemental composition presents that 

carbon (C) is the dominant element with an atomic percentage of 65.64%. It confirms that the 

composite primarily consists of a carbonaceous matrix which is derived from the azolla 

biomass. Along with carbon, the other elements detected are nitrogen (N), Oxygen(O), Cobalt 

(Co) and Zinc (Zn) with atomic percentage 1.21%, 21.75%, 10.55% and 0.85% respectively. 

The highest percent of carbon indicates the formation of well-developed carbonaceous material 

derived from azolla biomass. This high carbon content also indicates the formation of a well-

developed conductive matrix. 

The presence of 21.75% oxygen indicates the presence of oxygen-containing functional groups 

and metal oxides within the structure. Such oxygen species play an important role in facilitating 
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surface reactions and promoting the generation of reactive oxygen radical during 

photocatalytic degradation of methylene blue. 

 

Figure 13: Elemental mapping of Zn-Co-Oxide/CNH@900 

Cobalt (Co) shows 10.35% atomic percentage. It confirms the successful incorporation of 

cobalt species into the carbon matrix of azolla. It is particularly important as it serves as an 

active catalytic center and it enhances electron transfer processes improving photocatalytic 

efficiency. Comparative to cobalt, the amount of zinc is very low i.e. 0.85% only as the initial 

incorporation of zinc source was also least. The presence of both the metals confirms the 

formation of a bimetallic system. The lower content of zinc may also be attributed to partial 

loss or redistribution during high-temperature carbonization. 

A small amount of nitrogen (1.21%) is also detected, originating from the biomass precursor 

or MOF ligand 2-methyl imidazole. Nitrogen doping is beneficial as it is known to modify the 

electronic structure of carbon, improve conductivity, and enhance adsorption interactions with 

dye molecules (Lin et al., 2023). 
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4.5 Photocatalytic degradation of methylene blue 

UV-Vis absorption analysis 

For the analysis of performance by as-prepared samples, photocatalytic degradation was done 

by taking 10 ppm methylene blue was a dye model. The methylene blue solution was 

magnetically stirrred for 120 minutes under uv irradiation. Figure 14 depicts the UV-Vis 

spectra of photocatalytic MB degradation using different as-prepared sample. The pristine 

azolla-derived carbon performed limited photocatalytic degradation with 33% MB degradation 

within 120 minutes of UV irradiation. These carbon materials have some surface functional 

groups and a bit of porosity, which helps in dye adsorption. However, on their own, they do 

not show strong photocatalytic activity because they lack semiconductor components. 
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Figure 14: UV spectra of methylene blue after degradation using as-prepared sample   

 

In contrast, the zinc-cobalt integrated azolla biomass-derived carbon (Zn-Co-

Oxide/CNH@700, Zn-Co-Oxide/CNH@800, and Zn-Co-Oxide/CNH@900) showed a 

enhancement in degradation efficiency. Zn-Co-Oxide/CNH@700 resulted 54% degradation 

whereas Zn-Co /CH@800 and Zn-Co/CH@900 showed 92-93% removal of MB under 

identical conditions.  

This clear improvement shows that the metal oxide particles were successfully added into the 

carbon during carbonization and calcination. When the light is on ZnO cooperates with cobalt 
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oxide as a photocatalyst to create electron-hole pairs that participate in reactions to generate 

hydroxyl and superoxide radicals as presented in figure 15. These species degrade the structure 

of the methylene blue, resulting in the degradation of methylene blue.  

Furthermore, the existence of both ZnO  and cobalt oxide can generate a heterojunction for 

effective charge separation and decrease the electron-hole recombination. This results in an 

overall better photocatalytic performance. 

 

Figure 15: Schematic diagram of MB degradation under UV irradiation while magnetic stirring 

The degradation process is enhanced by the use of the carbon obtained from the azolla, which 

allows for better charge transfer as an electron carrier. It also has a large surface area to attach 

through π-π interaction of methylene blue (MB) molecule. This brings the pollutant into 

contact with the active sites, and renders the degradation process more rapid. 

 In conclusion, the degradation efficiency of the MOF-derived composites is over 90%, which 

is about three times higher than that of pristine carbon at 33%, indicating the strong effect of 

the metal oxides incorporated into the MOF and the synergistic effect of the carbon matrix and 

semiconductor phases. Therefore, the developed MOF-derived bimetallic carbon composites 

represent highly effective and promising materials for the photocatalytic treatment of dye. 
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The degradation behavior of Methylene Blue over time was evaluated by plotting the 

normalized concentration (C/C₀) as a function of irradiation time, which provides a clear 

visualization of the progressive decrease in dye concentration during the photocatalytic process 

as presented in figure 16. First, the samples were kept in the dark for 30 minutes to reach 

adsorption equlibrium, and then UV light was applied up to next 120 minutes to study 

photocatalytic degradation. This helps to separate how much removal is due to adsorption and 

how much is due to photocatalysis. 

During the dark period upto 30 min, all samples showed some removal due to adsorption. Zn-

Co-Oxide/CNH@900 showed the highest adsorption (C/C₀ = 0.370), followed by Zn-Co-

Oxide/CNH@800 (0.471). Zn-Co/CH@700 showed lesser adsorption (0.686), and pristine 

azolla carbon showed the least change i.e. 0.833. After the irradiation of UV-light, Zn-Co-

Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 showed fast degradation. Zn-Co-

Oxide/CNH@900 decreased to about 0.070 at 120 minutes, and Zn-Co-Oxide/CNH@800 also 

showed a similar result (0.081). The difference between them is very small. This performance 

suggests that 800 °C is already enough, and increasing to 900 °C does not improve much. Zn-

Co/CNH@700 also showed degradation under UV, but it was much lower. It reached around 

0.462 at 120 minutes. This lower performance may be due to less development of active sites 

and lower graphitization at 700 °C. 

Pristine azolla carbon showed very little photocatalytic activity comparatively. The value only 

decreased slightly from 0.833 to about 0.674 after 120 minutes (i.e. 33% removal). This shows 

that carbon alone is not very effective, and the main role in photocatalytic degradation is due 

to the Zn-Co-oxide components formed on the carbon matrix. 
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Figure 16: Effect of catalyst dose on the photocatalytic degradation of 10 ppm MB 

The figure 17 also supports the confirmation of methylene blue degradation by more than 90% 

frpm the fading colour change observed in increasing time of UV irradiation. 
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Figure 17: Colour changes of methylene blue over time 

Figure 18 also shows the clear % degradation increasing from sample PAC@900 to Zn-Co-

Oxide/CNH@900. It shows that even in the dark, Zn-Co-Oxide/CNH@900 shows about 63% 

degradation which indicates strong adsorption capacity before any UV irradiation. Upon UV 

exposure, both Zn-Co-Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 rapidly reach above 

85-90% degradation within 45 minutes, demonstrating excellent photocatalytic efficiency. Zn-

Co-Oxide/CNH@700 shows moderate performance, while PAC@900 remains the weakest 

performer, likely acting mainly as an adsorbent. Overall, the results highlight that Zn-Co-

Oxide/CNH composites, especially those synthesized at higher temperatures, are highly 

effective photocatalysts for dye degradation. 
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Figure 18: MB degradation (%) over different samples at 10 ppm, including dark adsorption and UV 

irradiation up to 120 min 

4.6 Adsorption isotherm studies 

Adsorption isotherm studies were performed to understand the interaction between the 

methylene blue molecules and the surface of the as-prepared carbon samples, as well as to 

determine the maximum adsorption capacity along with the nature of the adsorption process. 

Two isotherm models were used to analyze the equilibrium adsorption data namely Langmuir 

isotherm and Freundlich isotherm. These models were analyzed to all the four sample: 

PAC@900, Zn-Co-Oxide/CNH@700, Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900. 
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I. Langmuir isotherm 

The Langmuir isotherm model assumes that the adsorption occurs on a uniform surface with 

finite number of identical adsorption sites. It assumes that all adsorption sites have equal 

energy and there is no interaction between adsorbed molecules (Azizian et al., 2018). 

The equilibrium adsorption capacity (qe) was calculated by using the mass balance equation 

(Devi & Tyagi, 2022): 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
    [3] 

Where, C0 = Initial concentration of MB solution (mg. L-1) 

 Ce = Equilibrium concentration of MB solution (mg. L-1) 

 V = Volume of the solution (L) 

 M = Mass of adsorbent (g) 

The Langmuir equation can be written as follows in its linear form: 

𝑐𝑒

𝑞𝑒
=

1

𝑘𝐿𝑞max
+

𝑐𝑒

𝑞max
    [4] 

Where qmax (mg/g) depicts the maximum adsorption capacity corresponding to complete 

monolayer coverage, KL (L/mg) is the Langmuir constant related to the affinity of the binding 

sites. The plot Ce/qe versus Ce gives a straight line where slope is equal to 1/qmax and intercept 

equal to 1/(qmaxKL).  

The Langmuir isotherm plots for all four samples are presented in figure 19, and the calculated 

parameters are summarized in table 2. It is observed that R2 values for PAC@700 and Zn-Co-

Oxide/CNH@700 were very low, i.e. 0.0697 and 0.237 respectively. It indicates that the 

Langmuir model does not describe the adsorption behavior adequately of these two samples. 

This poor fit also suggests that these two samples does not follow uniform monolayer 

adsorption mechanism. In contrast, the remaining two samples Zn-Co-Oxide/CNH@800 and 

Zn-Co-Oxide/CNH@900 showed significantly higher R2 values of 0.9645 and 0.9827 
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respectively. It indicates a good Langmuir model fit for these samples. The maximum 

monolayer adsorption (qmax) was calculated to be 97.47 mg/g for Zn-Co-Oxide/CNH@800 

whereas it was 99.7 mg/g for Zn-Co-Oxide/CNH@900. Since the fit is poor in PAC@900 and 

Zn-Co-Oxide/CNH@700, the value of qmax cannot be interpreted. The value of KL were 0.15 

L/mg and 0.20 l/mg for Zn-Co-Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 respectively. 

It suggests that these samples are relatively favorable and moderately strong interaction 

between MB molecules and the sample surface.    

 

  Figure 19: Langmuir isotherm fit of four different carbon samples varying concentration of MB 
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Table 2: Parameters of Langmuir isotherm model 

Sample Slope  Intercept  qmax (mg/g) KL (L/mg) R2 

PAC@900 0.0033 0.62929 305.81 0.01 0.0697 

Zn-Co-Oxide/CNH@700 0.008 0.48342 125.16 0.02 0.237 

Zn-Co-Oxide/CNH@800 0.0103 0.06874 97.47 0.15 0.9645 

Zn-Co-Oxide/CNH@900 0.01 0.04998 99.70 0.20 0.9827 

II. Freundlich isotherm 

The Freundlich isotherm describes adsorption on heterogenous surfaces with non-uniform 

distribution of adsorption energies. It also assumes that the adsorption capacity increases with 

dye concentration (Vigdorowitsch et al., 2021). This model does not assume monolayer 

coverage but account for multilayer adsorption. The linear form of Freundlich isotherm 

equation is expressed as: 

log 𝑞𝑒 = log 𝐾𝐹 +  
1

𝑛
log 𝐶𝑒    [5] 

Where qe   (mg/g) is the equilibrium capacity, Ce (mg/L) is the equilibrium concentration of 

dye in solution, KF is the Freundlich constant and n is the heterogeneity factor that indicates 

the adsorption intensity (Foo & Hameed, 2010).  

From the plot of log qe versus log Ce, a straight line with slope equal to 1/n and intercept equal 

to log KF can be obtained. The value of 1/n less than 1 indicates favorable adsorption and a 

heterogenous surface whereas the value greater than 1 indicates cooperative adsorption (Crini 

& Badot, 2008). The plots of Freundlich isotherm are presented in figure 20 and its derived 

parameters are presented in table 3. The results showed that the Freundlich model is better fit 

for Zn-Co-Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 as R2 values are 0.9912 and 0.9892 
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respectively, which are even slightly greater than that obtained from the Langmuir model. This 

suggests that though the Langmuir model fits well for the same 2 samples, the Freundlich 

model describes their adsorption behavior equally well and even slightly better. It suggests a 

degree of surface heterogeneity in the composite materials. The value of Freundlich capacity 

constant (KF) was 21.89 and 27.86 for Zn-Co-Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 

respectively, which are significantly higher than those of PAC@900 (2.74) and Zn-Co-

Oxide/CNH@700 (4.71). It confirms the better adsorption capacity of the as-prepared 

composite materials carbonized at higher temperatures.  

  

Figure 20: Freundlich isotherm fit of four different carbon samples varying concentration of MB 
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Table 3: Parameters of Freundlich isotherm model 

Sample Slope  Intercept  KF n R2 

PAC@900 0.78 0.43772 2.74 1.28 0.8597 

Zn-Co-Oxide/CNH@700 0.6245 0.67323 4.71 1.60 0.6875 

Zn-Co-Oxide/CNH@800 0.3663 1.3402 21.89 2.73 0.9912 

Zn-Co-Oxide/CNH@900 0.3135 1.44501 27.86 3.19 0.9892 

The 1/n values (slope) obtained for all samples were less than 1 as depicted in table 3. It 

confirms favorable adsorption conditions and indicates a heterogenous adsorption surface for 

all synthesized materials (Foo & Hameed, 2010). The gradual decrease in 1/n values from 

PAC@900 to Zn-Co-Oxide/CNH@900 suggests increasing surface heterogeneity and stronger 

adsorption affinity in the composites. 

 Comparing the two isotherm models for all the samples, it has shown that both the Langmuir 

and Freundlich isotherm model fits for Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900 whereas it poorly fits in case of PAC@900 and Zn-Co-Oxide/CNH@700. 

This result of PAC@900 and Zn-Co-Oxide/CNH@700 suggests that the adsorption of MB 

onto the synthesized materials does not strictly follow either a homogenous monolayer or a 

simple heterogenous multilayer mechanism. It might be due to the irregular surface properties 

of these materials. In contrast, the fitting of Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900 indicates well-defined and consistent adsorption behavior. 

4.7 Photocatalytic degradation kinetics 

To study the kinetic behavior of photocatalytic degradation of MB, the experimented data were 

fitted into two kinetic models: pseudo-first-order (PFO) and pseudo second order (PSO) kinetic 

models.  
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I. Pseudo-First-Order Kinetic Model 

Pseudo first order kinetic model is also known as the Langmuir-Hinshelwood model. It is 

usually applied to describe photocatalytic degradation of organic dyes in aqueous solution 

(Konstantinou & Albanis, 2004) It assumes that the rate of degradation is directly proportional 

to the concentration of the dye remaining in the aqueous solution at any given time. The linear 

form of PFO equation is expressed as: 

 ln (
𝐶0

𝐶𝑡
) = 𝑘1 ⋅ 𝑡     [6] 

Where, C0 (mg/L) is the initial dye concentration, Ct is the dye concentration at time t, k1 (min-

1) is PFO rate constant and t is the irradiation time (Chong et al., 2010). A plot of ln(C0/Ct) 

versus time gives a straight line passing through the origin, with the slope equal to the rate 

constant. 

The pseudo-first-order kinetic plots for all four samples are presented in figure 21, and the 

calculated rate constants along with their corresponding R² values are summarized in table 4. 

The results show that PAC@900 and Zn-Co-Oxide/CNH@700 exhibited good linearity with 

R² values of 0.946 and 0.993 respectively, indicating that the photocatalytic degradation of 

methylene blue over these two materials follows the pseudo-first-order kinetic model well. The 

rate constant k1 for Zn-Co-Oxide/CNH@700 was found to be 0.00346 min-¹, which is 

approximately twice that of PAC@900 (0.00169 min-1), suggesting a faster degradation rate 

for the composite material compared to plain activated carbon. However, the Zn-Co-

Oxide/CNH@800 and Zn-Co-Oxide/CNH@900 samples showed relatively lower R² values of 

0.762 and 0.791 respectively under the pseudo-first-order model, indicating that this model 

does not describe the degradation kinetics well for these two higher-temperature composite 

materials despite their higher rate constants of 0.01376 min-1 and 0.01248 min-1. 
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Figure 21: Pseudo-First-Order photocatalytic kinetics varying time 

The poor fit of the pseudo-first-order model for Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900 suggests that their degradation mechanism is more complex and cannot be 

simply described by a concentration-dependent linear relationship alone. As clearly shown in 

the bar chart (figure 22), Zn-Co-Oxide/CNH@800 exhibited the highest rate constant among 

all samples, followed closely by Zn-Co-Oxide/CNH@900, confirming that higher 

carbonization temperatures produce composite materials with significantly enhanced 

photocatalytic activity. 
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Table 4: R2 values of as-prepared samples obtained from PFO kinetic model 

Sample Rate Constant (k) (min-1) R2 

PAC@900 0.00169 0.946 

Zn-Co-Oxide/CNH@700 0.00346 0.993 

Zn-Co-Oxide/CNH@800 0.01376 0.762 

Zn-Co-Oxide/CNH@900 0.01248 0.791 

 

 

Figure 22: Bar chart showing PFO ate constant values of as-prepared samples 
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II. Pseudo-Second-Order Kinetic Model 

The pseudo-second-order kinetic model assumes that the rate of degradation is proportional to 

the square of the remaining dye concentration and that chemisorption or surface reaction is the 

rate-limiting step in the overall degradation process (Ho & McKay, 1999). The linear form of 

the pseudo-second-order equation is expressed as: 

1

𝐶𝑡
=  𝑘2 +  

1

𝐶𝑜
     [7] 

where k₂ (L mg-1 min-1) is the pseudo-second-order rate constant, and t (min) is the irradiation 

time (Ho & McKay, 1999). A plot of 1/Ct versus time gives a straight line with slope equal to 

k₂ and intercept equal to 1/C0. 

The pseudo second order kinetic plot of all four samples is shown in figure 23 and the 

parameters derived are given in table 5. From the results, the model of pseudo-second order 

was found to be the best fit for the photocatalytic degradation of MB over all the samples as 

the highest R² value was obtained for Zn-Co-Oxide/CNH@700, which was nearly equal to 1.0. 

PAC@900 also showed a reasonably good fit with an R² value of 0.93134 and a slope of 

2.62956 × 10⁻⁴ L mg-1 min-1. The R² value of the pseudo-second-order model of the Zn-Co-

Oxide/CNH@900 sample was 0.91733, which is a significant improvement compared to its 

pseudo-first-order model with an R² value of 0.791, indicating that the pseudo-second-order 

model is a more suitable model for describing the degradation kinetics of the sample. In the 

same way, the pseudo-second-order model provided an R² of 0.86384 for Zn-Co-Oxide/CNH, 

whereas the pseudo-first order model gave an R² of 0.762. The pseudo-second-order plots gave 

intercept values equal to 1/C0, and the intercepts obtained were 0.13762, 0.1671, 0.41645 and 

0.48955 for the PAC@900, Zn-Co-Oxide/CNH@700, Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900 respectively, which were corroborating with the initial dye concentrations 

used in the experiments. 
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Table 5: Parameters obtained from PSO photocatalytic kinetic model 

Sample R2 K2 

PAC@900 0.93134 2.62956 × 10⁻⁴  

Zn-Co-Oxide/CNH@700 0.99002 7.24658 × 10⁻⁴  

Zn-Co-Oxide/CNH@800 0.86384 0.41645 

Zn-Co-Oxide/CNH@900 0.91733 0.48955 

Comparing the fitting results of the pseudo-first-order model and the pseudo-second-order 

model to the results for all of the samples, it is clear that the pseudo-first-order model is a better 

kinetic model to describe the degradation of PAC@900 and Zn-Co-Oxide/CNH@700, while 

the pseudo-second-order model is a better kinetic model to describe the degradation of Zn-Co-

Oxide/CNH@800 and Zn-Co-Oxide/CNH@900. Based on the high temperature composites 

better fit to the pseudo-second-order model, this indicates that surface interaction and 

chemisorption-type mechanisms are more important in the degradation process of these 

materials, and this is attributed to the fact that they have more developed surface structures and 

higher density of active sites at higher carbonization temperatures. The calculated rate 

constants of the pseudo-first-order reaction model clearly indicate that the Zn-Co-Oxide/CNH 

composites prepared at 800 °C and 900 °C have much better photocatalytic activity than the 

PAC@900 and Zn-Co-Oxide/CNH@700, respectively, with the rate constant being in the 

order of 4 to 8 times higher. The enhancement of photocatalytic activity is due to the well-

developed porous carbon structure, the high dispersion of Zn-Co oxide nanoparticles, the 

enhanced separation of charge carriers and the increased light harvesting capability of the 

composites prepared at higher temperatures (Zhang et al., 2026). Overall, the kinetic analysis 

shows that the Zn-Co-Oxide/CNH prepared at 800 °C and 900 °C are the most kinetically 
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active samples in the photocatalytic degradation of methylene blue among all the synthesized 

samples. 

  

Figure 23: Pseudo-second-order photocatalytic kinetic model varying time 
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CHAPTER 5 

5. Conclusions 

Azolla biomass-derived carbon-based bimetallic metal-organic framework composites were 

successfully fabricated with carbonization temperature of 700 °C, 800 °C and 900 °C and 

evaluated for methylene blue removal by adsorption and photocatalytic degradation. The XRD 

analysis showed that the Zn-Co oxide spinel phase was successfully formed inside the carbon 

matrix with crystallinity gradually increasing with an increase in the carbonization 

temperature. FESEM analysis revealed a highly porous and interconnected carbon framework 

in the higher-temperature samples, and EDX confirmed the successful incorporation of 

bimetallic active sites within the conductive carbon matrix. 

Adsorption isotherm studies showed that Zn-Co-Oxide/CNH@800 and Zn-Co-

Oxide/CNH@900 fitted well to both Langmuir and Freundlich models with maximum 

adsorption capacities of 97.47 and 99.70 mg/g respectively. Photocatalytic kinetic analysis 

confirmed that higher-temperature composites exhibited significantly greater rate constants, 

with Zn-Co-Oxide/CNH@800 recording the highest value of 0.01376 min-1.  The 

photocatalytic degradation efficiency was determined as Zn-Co-Oxide/CNH@900 (93%) > 

Zn-Co-Oxide/CNH@800 (92%) > Zn-Co-Oxide/CNH@700 (54%) > PAC@900 (33%) which 

indicated that the synergistic effect of metal incorporation and higher carbonization 

temperature was beneficial for photocatalytic efficiency. In summary, the results of this study 

show that the bimetallic MOF composites derived from Azolla have significant potential as 

materials for the removal of dyes and treatment of wastewater, which are sustainable and cost-

efficient. 

Limitations of the study 

The present study was successful, but there are some limitations to be pointed out. The 

experiments were performed in controlled laboratory conditions with one single model dye, 

methylene blue, which is not as complex as real industrial waste water with mixtures of 

pollutants. Performance of the photocatalytic process under natural solar irradiation was not 
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tested and the intermediate degradation products produced during the photodegradation of 

methylene blue were not identified.  
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