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ABSTRACT 

Heavy metal contamination is being as a global emerging issue in this 21st Century. Hexavalent 

chromium [Cr(VI)] constitutes one of the emerging pollutants that pose significant threat owing to 

their persistence, bioaccumulation potential and major impact on human health.  The conventional 

techniques are not able to remove such heavy metal impurities effectively and its purification is 

somehow challenging in a minute level. In this study, a carbon composite was fabricated from 

Zeolitic Imidazolate Framework-67 (ZIF-67) via in-situ process on a jacaranda seed pods biomass 

substrate and carbonized it in an inert atmosphere by passing nitrogen gas in a tube furnace at three 

temperatures 700 ºC, 800 ºC and 900 ºC. The resultant MOF-derived carbon composite was 

characterized with respect to FTIR, FESEM, EDX and XRD analysis. Furthermore, the adsorption 

capacity of the synthesized material was studied in terms of removal of Cr(VI) from water through 

batch experiments and UV-visible spectroscopy. The results revealed that the synthesized material 

has exhibited more than 97% removal capacity of Cr(VI) under optimal condition (pH 2, contact 

time of 90 minutes), signifying its utility as an efficient adsorbent. Therefore, ZIF-67 derived 

carbon composites constitute potential alternatives for treating heavy metal pollution in water 

sources. 

 

Keywords: ZIF-67, Heavy metal adsorption, MOFs, Derived Carbon, Cr(VI) 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Water is one of the most crucial materials for survival of life, sustain ecosystem as well as 

economic development. Agricultural sector manly consume water comprising about 70% followed 

by industrial sector around 20% and household use around 10%.  The available freshwater for use 

is very limited comprising about 0.06% of water on the earth.  It is estimated that water demand 

will increase by 19% by 2050 (Ahuja, 2015). With rapid growth of Global population, followed 

by industrialization, water pollution has been significantly increased. Urban wastewater is a prime 

carrier of conventional to emerging water pollutants such as dyes, pesticides, chemicals, 

pharmaceuticals and heavy metal ions. 

Municipal wastewater has been one of the primary sources of water pollution especially surface 

water pollution. Untreated municipal wastewater contains excessive amount of dissolved organic 

matters which act as nutrients and can harbor pathogens responsible for outbreaking waterborne 

diseases (Ley et al., 2020).  Excessive nutrients are  also for limiting biological oxygen demand 

and chemical oxygen demand and foul smell (Preisner, 2020). It is one of the sources of pollution 

for other water sources such as lakes and rivers (Wei et al., 2024). In addition to dissolved matter, 

solid wastes are responsible for river pollution. Studies have shown that pollution in Bagmati river 

in Kathmandu valley of Nepal is due to improper management of dissolved municipal waste as 

well as solid waste (Ghimire et al., 2022). Municipal solid waste landfills have been reported as 

an underestimated source of pharmaceutical and personal care products which leach out and 

ultimately pollute water bodies (Yu et al., 2020). 

Agriculture is the major global water consumption sector comprising about 70% of total water 

consumption. Almost wastewater from agricultural sectors is released untreated (Zhao & Duan, 

2025). A recent statical study has reported that there is 35% and 14% enrichment of global river 

nitrogen and phosphorous content, respectively, by anthropogenic activities (McDowell et al., 

2025). Agricultural activities such as use of synthetic fertilizers is the primary contributor. 

Nitrogenous and phosphate fertilizers applied to agricultural fields leach and cause groundwater 

contamination. Washed out fertilizers directly contaminate surface water (Zapata et al., 2023). 
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Nitrates and phosphates are responsible for excessive algal bloom leading direct effect on aquatic 

biodiversity. Pesticides are another dreadful cause of  water pollution and human health (Cossu et 

al., 2024). In recent decades, use of veterinary items such as disinfectants, antibiotics and other 

animal husbandry products have appeared as emerging water pollutants(Emadi et al., 2022). 

Industrial activities constitute a major source of toxic water pollutants. The textile industry releases 

synthetic dyes, surfactants, and heavy metals in its effluents; the metal processing and 

electroplating industries discharge significant quantities of toxic heavy metal ions including 

chromium (Cr), lead (Pb), cadmium (Cd), and nickel (Ni) (Oladimeji et al., 2024; Saratale et al., 

2018) and pharmaceutical industries release biologically active compounds, solvents, and trace 

metals into wastewater streams(Ahmad et al., 2016). These industrial pollutants are highly 

persistent, toxic even at trace concentrations, and resistant to conventional wastewater treatment 

processes. (Bețianu et al., 2024). 

According to United Nations data, approximately 80% of diseases and 50% of child deaths in 

developing countries are associated with contaminated water. These alarming statistics have forced 

urgent action toward advanced wastewater treatment and water purification technologies(Tella et 

al., 2025). This has driven the development of advanced materials, sustainable treatment 

technologies, and formulation and implementation of effective environmental policies at national 

and international levels. 

1.2 Heavy Metals as Major Water Pollutants 

Heavy metals refer to metallic substances having density greater than 5g/cm3 and generally having 

atomic number above 20. Unlike organic pollutants, heavy metals are not biodegradable but remain 

in the environment forever, they bioaccumulate within biological structures over time through the 

food chain and cause chronic toxicity despite being present in very small quantities(Azimi et al., 

2017). The heavy metals of environmental importance as pollutants are lead (Pb), Chromium (Cr), 

Cadmium (Cd), Mercury (Hg), Arsenic (As), Copper (Cu), Zinc (Zn), and Nickel (Ni) (Rahman & 

Singh, 2019). These are classified as priority pollutants by both United States Environment 

Protection Agency (USEPA) and World Health Organization (WHO) due to their carcinogenicity, 
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mutagenicity, teratogenicity, and severe damage to the central nervous system, Kidneys, and 

liver(Qasem et al., 2021). 

Major human-made sources of heavy metal pollution in water bodies are industrial effluents, 

mining and smelting activities, agricultural runoff, and municipal wastewater effluents (Briffa et 

al., 2020). Large amounts of Pb, Cr, Cd, and Ni are released in wastewater by industrial processes 

like electroplating, leather tanning, battery production, metal finishing, and pigment production 

(He et al., 2022). Acid mine drainage is an important source of toxic metals such as As, Hg, Cu 

and Zn to surrounding water bodies associated with mining(Sheoran & Sheoran, 2006). Heavy 

metal contamination in aquatic systems can also be caused by agricultural runoff which contains 

residues of pesticide and soil adsorption and by atmospheric deposition caused by industrial 

combustion (Nnaji et al., 2023). 

Unfortunately, research has shown the levels of heavy metals in untreated industrial effluents to 

be several orders of magnitude higher than the maximum permissible limits set by the WHO; for 

As it is 0.01mg/L and for industrial effluent it is 5mg/L, for Pb it is 0.003mg/L and 3mg/L for 

industrial effluents, for Cd it is 0.003mg/L and 3mg/L for industrial effluents, for Cr(VI) it is 

0.05mg/L and 5mg/L for industrial effluents and for Hg it is 0.006mg/L and 0.3mg/L for industrial 

effluents (Hanikel et al., 2020). In children, chronic exposure to high levels of Pb leads to 

neurological damage and developmental impairment; chronic exposure to Cd leads to renal tubular 

dysfunction and Itai-Itai disease; chronic exposure to high levels of As results in skin, lung and 

bladder cancers, and chronic exposure to high levels of Cr(VI) results in respiratory cancer (Briffa 

et al., 2020). The health impact of these effects is quite serious and permanent, making the need 

for effective technologies to remove heavy metals from contaminated water extremely critical 

(Rasin et al., 2025). 
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Table 1: Limitations of heavy metal ions 

Heavy Metal ion Guideline Limit (WHO) Health Concern 

Chromium (Cr6+) 0.05 mg/L Carcinogenic, liver/ Kidney 

damage 

Lead (Pb2+) 0.01 mg/L Neurological damage, 

especially in children 

Arsenic (As3+/ As5+) 0.01 mg/L Skin lessions, Cancer, 

cardiovascular diseases 

Cadmium (Cr6+) 0.003 mg/L Kidney damage, bone 

demineralization 

Nickel (Ni2+) 0.07 mg/L Skin dermatitis, respiratory 

issues 

Copper (Cu2+) 2.0 mg/L Gastrointestinal irritation 

Manganese (Mn2+) 0.4 mg/L Neurological effects at high 

levels 

Zinc (Zn2+) 3.0 mg/L Taste issues, low toxicity 

Iron (Fe2+/Fe3+) 0.3 mg/L Staining, taste (not major 

health risk) 
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1.3 Methods of Removal of Heavy Metals 

Various treatment technologies have been developed and applied for the removal of heavy metals 

from contaminated water. These methods can be broadly classified into physical, chemical, 

biological, and electrochemical approaches, each with distinct advantages and limitations 

depending on the nature, concentration, and complexity of pollutants in the wastewater(Mustapha 

et al., 2024). 

Physical methods include membrane filtration techniques such as nanofiltration (NF), reverse 

osmosis (RO), and ultrafiltration (UF) (Azmi et al., 2025). These processes use semi-permeable 

membranes to separate dissolved heavy metal ions from water under applied pressure. Reverse 

osmosis has demonstrated removal efficiencies exceeding 95% for most heavy metals; however, 

high energy requirements, membrane fouling, and significant brine generation are major 

operational challenges that limit widespread deployment, particularly in resource-limited settings 

(Ali et al., 2023). 

Chemical precipitation, coagulation-flocculation, and ion exchange are well-established chemical 

methods for heavy metal removal(Hussain et al., 2023). Chemical precipitation involves the 

addition of alkaline reagents such as lime (Ca(OH)₂) or sodium sulfide (Na₂S) to convert dissolved 

metal ions into insoluble metal hydroxides or sulfides that can be separated by sedimentation or 

filtration(Wang et al., 2021). Ion exchange employs synthetic resins with selective affinity for 

specific metal ions, offering high removal efficiency and potential for metal recovery. While 

effective for high-concentration wastewaters, these methods generate significant secondary 

sludge, require precise pH control, and incur relatively high reagent costs(Wang et al., 2021). 

Biological methods, including biosorption and bioaccumulation, utilize the metal-binding capacity 

of microorganisms, algae, fungi, and plant biomass to sequester heavy metals from 

water(Nascimento et al., 2023). Biosorbents derived from agricultural waste, bacterial biomass, 

and algal cell walls have attracted considerable interest owing to their low cost and renewability. 

However, sensitivity to environmental conditions such as pH and temperature, limited mechanical 

stability, and difficulties in separating biosorbent from treated water have impeded large-scale 

application(Nnaji et al., 2023). 
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Electrochemical methods such as electrocoagulation, electrodeposition, and electrodialysis 

facilitate efficient removal of metal ions through applied electric fields(Ahalya et al., 2003). 

Electrocoagulation generates metal hydroxide coagulants in situ from sacrificial electrodes, 

simultaneously treating multiple contaminants; electrodeposition recovers dissolved metals as 

solid metal deposits on cathode surfaces (Peng & Guo, 2020). These methods avoid chemical 

reagent addition and can achieve high selectivity; however, significant energy consumption and 

electrode passivation over extended operation limit cost-effective scale-up(Rajoria et al., 2022). 

Adsorption-based methods have emerged as among the most promising approaches for heavy 

metal removal due to their operational simplicity, high efficiency, design flexibility, and potential 

for adsorbent regeneration and reuse (Satyam & Patra, 2024). Adsorption involves the transfer of 

metal ions from the aqueous phase onto the surface of a solid adsorbent via physical or chemical 

interactions including electrostatic attraction, surface complexation, ion exchange, and 

chelation(Akhtar et al., 2024). Activated carbon has historically been the most widely used 

adsorbent; however, its high production cost and limited selectivity have motivated intensive 

research into alternative and advanced adsorbent materials including zeolites, clay minerals, 

biochar, and engineered nanomaterials(Ayach et al., 2024). 

1.4 Nanomaterials for Removing Heavy Metals 

Nanomaterials have attracted immense research interest in water treatment owing to their 

exceptionally high surface area-to-volume ratios, tunable surface chemistry, and unique 

physicochemical properties that differ fundamentally from those of their bulk counterparts(Wang 

et al., 2012). Nanomaterials with dimensions in the range of 1–100 nm exhibit quantum-

mechanical effects and enhanced surface reactivity, making them highly effective for adsorptive 

removal of heavy metal ions even at very low concentrations(Ethaib et al., 2022). The nanoscale 

dimensions also enable short intraparticle diffusion distances, resulting in rapid adsorption kinetics 

compared to conventional adsorbents. 

Commonly investigated nanomaterials for heavy metal remediation include metal oxide 

nanoparticles (TiO₂, Fe₃O₄, ZnO, MnO₂, Al₂O₃), zero-valent iron (ZVI) nanoparticles, layered 

double hydroxides (LDHs), carbon-based nanomaterials, and various nanocomposites combining 
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two or more functional components(Yang et al., 2019). Iron oxide nanoparticles are particularly 

attractive due to their superparamagnetic properties, which enable facile magnetic separation of 

the adsorbent from treated water using an external magnetic field, addressing one of the key 

practical challenges of nanomaterial-based water treatment efficient particle recovery and 

reuse(Singh et al., 2021). Manganese oxide nanoparticles exhibit strong oxidative affinity for 

As(III) and Pb²⁺, while ZVI nanoparticles are effective reductants for Cr(VI) and As(V) 

immobilization(Mustapha et al., 2024). 

Despite their considerable promise, several challenges must be addressed before widespread 

deployment of nano-adsorbents in real water treatment systems. Nanoparticle aggregation under 

high ionic strength conditions significantly reduces effective surface area and adsorption 

capacity(Singh et al., 2021). Concerns regarding potential ecotoxicity of engineered nanoparticles 

to aquatic organisms and their fate and transport in the environment necessitate careful risk 

assessment(Singh et al., 2021). Furthermore, challenges in cost-effective large-scale synthesis and 

the need for robust separation and regeneration strategies remain active areas of research. 

1.5 Carbon Nanomaterials and Their Composites for Heavy Metal Removal 

Carbon-based nanomaterials represent one of the most intensively studied classes of adsorbents 

for heavy metal removal from water (Hamda et al., 2025). This family encompasses carbon 

nanotubes (CNTs), graphene and its derivatives (graphene oxide, GO; reduced graphene oxide, 

rGO), fullerenes, carbon nanodots, and biochar-derived nanostructures(Yu et al., 2018). The 

extraordinary specific surface area, excellent chemical stability, and versatile surface 

functionalization capability of these materials make them superior to conventional activated 

carbon for trace heavy metal adsorption (Hamda et al., 2025). 

Graphene oxide (GO) is a particularly attractive adsorbent owing to the abundance of oxygen-

containing functional groups including carboxyl (–COOH), hydroxyl (–OH), and epoxide (–C–O–

C–) moieties on its basal planes and edges (Khine et al., 2022). These groups provide a high density 

of active sites for coordination, complexation, and electrostatic interaction with cationic heavy 

metal species such as Pb²⁺, Cu²⁺, Cd²⁺, and Hg²⁺. Multi-walled carbon nanotubes (MWCNTs), 

when acid-functionalized, similarly exhibit high adsorption capacities for Pb²⁺, Cd²⁺, and Zn²⁺, as 
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well as for anionic pollutants such as Cr(VI) and As(V) after surface modification(Chandran et al., 

2023; Yu et al., 2018). 

Nanocomposites integrating carbon nanomaterials with metal oxides, polymers (chitosan, 

polyaniline), or zeolites have demonstrated synergistic improvements in both adsorption capacity 

and selectivity compared to single-component systems. Magnetic graphene oxide composites 

(Fe₃O₄/GO) combine the high adsorption efficiency of graphene oxide with the superparamagnetic 

recoverability of iron oxide nanoparticles, significantly improving practical applicability. 

Chitosan-functionalized CNT composites have shown excellent performance for simultaneous 

removal of multiple heavy metals. Recent literature reports maximum adsorption capacities of GO-

based composites exceeding 200 mg/g for Pb²⁺, substantially outperforming most commercially 

available adsorbents(Chandran et al., 2023). 

1.6 Jacaranda as a Sustainable Carbon Precursor 

The development of sustainable, low-cost carbon precursors has become a key research priority in 

the synthesis of advanced carbon-based nanomaterials for environmental applications. Biomass-

derived carbons offer several advantages over fossil-derived carbon sources including 

renewability, lower cost, reduced environmental footprint, and the ability to introduce heteroatom 

functional groups that enhance adsorption activity(Amin et al., 2025). Among the diverse biomass 

feedstocks under investigation, Jacaranda (Jacaranda mimosifolia) has attracted growing interest 

as a promising sustainable carbon precursor. 

Jacaranda mimosifolia, the purple flowering ornamental tree species commonly seen in places like 

Kathmandu. It belongs to the Bignoniaceae family and is native to South America but extensively 

cultivated across tropical and subtropical regions worldwide. It generates substantial quantities of 

biomass waste in the form of seed pods, fallen leaves, and pruning residues that are typically 

discarded without value recovery(Amin et al., 2025). Jacaranda seed pods are like a woody fruit 

capsules formed after the flower matures. They are flat and round to oval shaped; brown when 

mature and dry; hard, lightweight, and woody; and filled with many thin, flat, winged seeds. Its 

lignocellulosic biomass is particularly rich in cellulose, hemicellulose, and lignin as the primary 
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structural polymers that serve as ideal precursors for carbonization and pyrolytic conversion to 

carbon-rich materials. 

When jacaranda seed pods are carbonized, their organic structure breaks down and leaves behind 

a carbon-rich porous material having high surface area, micro-pores and meso pores, oxygen 

containing functional groups, carbon rich structure and has possible active sites for binding 

pollutants. This is the main reason for researcher to use jacaranda seed pod biochar or activated 

carbon to remove the pollutants from water, including heavy metals and organic contaminants 

(Khine et al., 2022). Subsequent chemical activation typically using KOH, ZnCl₂, or H₃PO₄ as 

activating agents can further enhance the surface area (exceeding 1000 m²/g in optimized cases), 

pore volume, and surface chemistry of the resulting activated carbon(Patel et al., 2025). The 

inherent nitrogen and oxygen heteroatoms present in the lignocellulosic precursor are partially 

incorporated into the carbon framework during pyrolysis, providing additional metal coordination 

sites. The utilization of Jacaranda waste biomass as a carbon precursor thus simultaneously 

achieves waste valorization and production of a high-performance, cost-effective adsorbent 

material for water purification(Patel et al., 2025). 

Jacaranda Seed Pods are valuable for MOF/biochar type research as it is a waste biomass usually 

fall from trees and are not used commercially. Their woody structure are naturally carbon rich and 

suitable for carbonization which produce the pores useful for the adsorption. They can be used as 

the scaffold for MOF-derived carbon composites, metal nanoparticles or activated carbon 

materials. It could be the low cost and locally available sustainable materials for research. 
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Figure 1: Jacaranda Mimosifolia with its seed pods and flower 

 

1.7 Metal-Organic Frameworks and Derived Carbon Composites 

Metal-organic frameworks (MOFs) are a class of porous crystalline hybrid materials self-

assembled from metal ions or metal-oxide clusters coordinated by multidentate organic ligand 

linkers through strong coordination bonds (Khine et al., 2022). Their defining characteristics 

include ultra-high specific surface areas (up to 7000 m²/g), precisely tunable and uniform pore 

sizes, extraordinarily high pore volumes, and highly versatile chemical functionality, positioning 

them among the most promising next-generation porous materials for adsorption applications(Xiao 

et al., 2023). Since their systematic development in the late 1990s, thousands of structurally 

distinct MOF architectures have been reported, with a growing subset demonstrated to be effective 

for water treatment. 

For heavy metal removal from water, MOFs offer multiple and synergistic interaction 

mechanisms. Open metal coordination sites within the MOF framework can directly coordinate 

with soft Lewis-base heavy metal ions. Functional groups on the organic linkers including amino 
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(–NH₂), thiol (–SH), carboxylate (–COO⁻), and hydroxyl (–OH) moieties provide rich chelation 

sites for divalent and trivalent metal cations. The uniform micropores and mesopores of MOFs can 

additionally confer size-selective adsorption.(Liu et al., 2018). Zeolitic imidazolate frameworks 

(ZIFs), particularly ZIF-8 and ZIF-67, have been widely explored owing to their excellent 

chemical and thermal stability and tunable nitrogen-rich framework chemistry (Jadhav et al., 

2022). 

MOF-derived carbon composites (MDCs) are synthesized through controlled pyrolysis of MOF 

precursors, yielding hierarchically porous carbon frameworks that inherit the ordered porosity of 

the parent MOF while acquiring the superior chemical stability and conductivity characteristic of 

carbon materials. The pyrolysis process affords simultaneous in situ formation of metal or metal 

oxide nanoparticles uniformly distributed within the carbon matrix derived from the metal nodes 

of the MOF providing additional active sites and enabling synergistic adsorption and reductive 

immobilization mechanisms for heavy metals(Ran et al., 2025). MDCs derived from ZIF-8 and 

ZIF-67 have demonstrated outstanding performance for removal of As (V), Cr(VI), Pb²⁺, and Cd²⁺, 

with adsorption capacities substantially exceeding those of conventional activated carbon. The 

integration of sustainable biomass-derived carbon with MOF-derived architectures represents a 

particularly compelling strategy to combine low cost, environmental sustainability, and high 

adsorption performance in next-generation adsorbents for water remediation(Li et al., 2018). 

1.8 Problem Statement and Research Gap 

Despite significant advances in nanomaterial-based adsorbents for heavy metal removal, several 

critical knowledge and technology gaps remain in the existing literature. First, the majority of high-

performance adsorbents reported to date rely on expensive, non-renewable precursors and complex 

multi-step synthesis procedures, fundamentally limiting their scalability and economic viability 

for real-world water treatment applications, particularly in low- and middle-income countries 

where heavy metal contamination is most acute. 

Second, while MOF-derived carbon composites have demonstrated excellent heavy metal removal 

performance, the potential of sustainable, renewable biomass-derived carbon precursors such as 

Jacaranda waste biomass for the synthesis of MOF-carbon composites has been insufficiently 
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explored. Such an approach could substantially reduce synthesis costs while maintaining high 

performance and aligning with green chemistry principles. 

Third, the simultaneous removal of multiple co-existing heavy metal contaminants (e.g., Pb²⁺, 

Cd²⁺, Cr(VI), and As(V)) from complex, multi-component wastewater matrices remains a 

significant challenge. The large majority of published studies evaluate single-metal systems under 

idealized laboratory conditions, which do not adequately reflect the competitive adsorption 

dynamics in real industrial and municipal effluents containing multiple co-contaminants. 

Fourth, the long-term reusability and regeneration performance of advanced adsorbents across 

multiple adsorption-desorption cycles, a critical requirement for practical and economically viable 

application is rarely comprehensively evaluated in published literature. Accordingly, there is a 

pressing need to develop sustainable, cost-effective, and high-performance Jacaranda-derived 

carbon-MOF composite adsorbents and rigorously evaluate their performance for multi-metal 

removal under environmentally relevant conditions. 

1.9 Research Objectives 

1.9.1 General Objective 

The general objective of this study is to synthesize and evaluate a Jacaranda seed pod biomass–

based metal–organic framework (MOF)-derived carbon composite for the efficient removal of 

heavy metal ions like Cr(VI) from aqueous systems, with a focus on developing a low-cost, 

sustainable, and high-performance adsorbent. 

1.9.2 Specific Objectives 

To achieve the above general objective, the following specific objectives are proposed: 

• To prepare Jacaranda seed pod biomass through appropriate cleaning, drying, and size 

reduction processes for use as a substrate material. 
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• To synthesize MOF (e.g., ZIF-67) on the biomass surface via in-situ growth techniques to 

form a JSP–MOF composite. 

• To characterize the prepared materials using analytical techniques such as FTIR, SEM-

EDX, and other relevant methods to determine surface morphology, functional groups, and 

elemental composition. 

• To investigate the adsorption performance of the prepared composite for the removal of 

heavy metal ions (e.g., Cr(VI)) from aqueous solutions. 

• To analyze the adsorption mechanism using appropriate models (e.g., adsorption isotherms 

and kinetics) and evaluate possible reduction processes (e.g., Cr(VI) to Cr (III)). 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview of Heavy Metal Removal Techniques 

Heavy metal contamination in water has become a major environmental concern due to the toxic, 

persistent, and non-biodegradable nature of metals such as chromium (Cr), lead (Pb), cadmium 

(Cd), arsenic (As), and mercury (Hg)(Singh et al., 2022). These metals are introduced into aquatic 

systems through industrial Processes like electroplating, battery production, mining, leather 

tanning, and inappropriate waste disposal (Wang & Wang, 2025). Once released into the 

environment, heavy metals do not degrade and can accumulate in living organisms, leading to 

bioaccumulation and biomagnification. They can bring a serious health issues, like neurological 

abnormalities, and cancer even at extremely low quantities. So, it is difficult to remove heavy 

metals from wastewater to protect both human health and the environment (Jagaba et al., 2024). 

Several treatment methods have been developed to eliminate the heavy metals from water, such as 

physical, chemical, and biological methods (Kikuchi & Tanaka, 2012). Chemical precipitation is 

one of the most commonly used methods in industrial applications, where chemicals such as lime 

or sodium hydroxide are added to convert dissolved metal ions into insoluble compounds(Sharma 

et al., 2025). Although this method is simple and effective for high metal concentrations, it 

generates large amounts of sludge and is less efficient for dilute solutions. Ion exchange is another 

widely used technique, where metal ions are replaced with less harmful ions using synthetic resins. 

This method is highly selective but relatively expensive and requires regeneration(Mishra et al., 

2018). 

Membrane-based processes, such as and ultrafiltration, nanofiltration, and reverse osmosis, have 

also been employed for heavy metal removal (Castro & Abejón, 2024). These methods provide 

high removal efficiency by physically separating metal ions from water through semi-permeable 

membranes. However, their high operational cost and issues such as membrane fouling limit their 

widespread use. Biological methods, including biosorption and bioaccumulation using 

microorganisms, have gained attention as eco-friendly alternatives. However, these methods are 

generally slower and sensitive to environmental conditions(Munir et al., 2021). 
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Adsorption has been recognized as one of the most effective and promising methods for heavy 

metal removal than other techniques because of its simplicity, high efficiency, and ability to treat 

low concentrations of contaminants (Raji et al., 2023). The effectiveness of adsorption depends 

largely on the properties of the adsorbent material, which has led to extensive research on the 

development of advanced adsorbents(Sharma et al., 2025). 

2.2 Adsorbent Materials for Heavy Metal Removal 

Various adsorbent materials have been studied for the removal of heavy metals from aqueous 

systems. Among them, activated carbon is the most commonly used adsorbents due to its high 

surface area, well-developed porosity, and strong adsorption capacity (Ganjoo et al., 2023). It can 

effectively remove a wide range of contaminants, including heavy metal ions (Darban et al., 2022). 

However, it has a high production cost which become its limitation for its wide application. 

Natural materials such as clays and zeolites have also been excessively used because of its 

availability and minimum cost. These materials possess ion-exchange properties and can remove 

metal ions through electrostatic interactions and ion exchange mechanisms. However, their 

adsorption capacity is generally lower compared to advanced materials(Topare & Wadgaonkar, 

2023). 

Polymer-based adsorbents and ion-exchange resins offer high selectivity and efficiency for 

specific metal ions. These materials can be designed with functional groups that selectively bind 

to target contaminants(Chakraborty et al., 2022; Rafi, 2018). Despite their effectiveness, they are 

often expensive and may not be environmentally sustainable. 

In recent years, nanomaterials have emerged as highly promising adsorbents due to their extremely 

small particle size and large surface area (Sadegh et al., 2017). Materials such as graphene oxide, 

carbon nanotubes, and metal oxide nanoparticles exhibit enhanced adsorption capacity and can 

also participate in redox reactions (Wang & Chen, 2015). For example, iron-based nanoparticles 

can reduce toxic Cr(VI) to Cr(III). However, challenges such as high cost, potential toxicity, and 

difficulty in recovery after use need to be addressed(Hamadneh et al., 2026; Rafi, 2018). 
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2.3 Metal-Organic Frameworks (MOFs) in Water Treatment 

Metal-organic frameworks (MOFs) represent a recent class of porous hybrid materials that have 

attracted considerable research interest for environmental applications (Chongdar et al., 2022). 

They are composed of metal ions or clusters linked by organic ligands, forms highly ordered three-

dimensional poros architectures with exceptionally large surface areas and tunable pore sizes 

(Chongdar et al., 2022). These unique properties make MOFs highly suitable for adsorption 

applications (Motshekga et al., 2024). 

In heavy metal removal, MOFs provide numerous active sites for binding metal ions and allow 

efficient diffusion through their porous structure. The chemical functionality of MOFs can also be 

modified to enhance their selectivity toward specific metal ions. Among various types of MOFs, 

zeolitic imidazolate frameworks (ZIFs), such as ZIF-67, are particularly important due to their 

high thermal stability and resistance to chemical degradation(Kumar et al., 2018). 

However, the practical application of MOFs in water treatment is limited by several factors. Many 

MOFs exhibit poor stability in aqueous environments, leading to structural degradation. 

Additionally, the recovery and reuse of MOF particles can be challenging, and their synthesis can 

be relatively expensive. These limitations have driven research toward the development of 

modified and derived materials(Rastin et al., 2025). 

2.4 MOF-Derived Carbon Materials 

To overcome the limitations associated with pure MOFs, researchers have developed MOF-

derived carbon materials through thermal treatment processes such as pyrolysis or carbonization 

under inert atmospheres (Ren et al., 2020) . During this process, the organic ligands decompose to 

form a carbon matrix, while the metal ions are converted into metal or metal oxide nanoparticles 

embedded within the carbon structure (Chai et al., 2025). 

These MOF-derived carbon materials retain the porous structure of the original MOF while 

exhibiting improved thermal stability, chemical resistance, and electrical conductivity. The 

presence of heteroatoms such as nitrogen within the carbon framework further enhances adsorption 
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performance by providing additional active sites (Ding et al., 2022). Moreover, the embedded 

metal nanoparticles can act as catalytic centers, enabling redox reactions in addition to adsorption. 

For heavy metal removal, MOF-derived carbons offer significant advantages. They not only 

adsorb metal ions effectively but can also transform them into less toxic forms(Sundararaman et 

al., 2025) . For example, Cr(VI) can be reduced to Cr (III), which is less harmful and easier to 

remove from water. This dual functionality makes MOF-derived carbon materials highly attractive 

for advanced water treatment applications. 

2.5 Biomass-Based Adsorbents and Sustainable Materials 

The increasing demand for sustainable and low-cost water treatment solutions has led to growing 

interest in biomass-based adsorbents. These materials are derived from natural sources such as 

agricultural waste, plant residues, and other renewable resources(Zhang et al., 2023). Examples 

include rice husk, coconut shell, sawdust, and seed pods. 

Biomass materials contain various functional groups such as hydroxyl, carboxyl, and amino 

groups, which can interact with heavy metal ions through different mechanisms(Aragaw & Bogale, 

2021). Additionally, biomass can be converted into biochar through thermal treatment, resulting 

in a porous carbon material with improved adsorption properties. 

Biomass-based adsorbents are environmentally friendly, biodegradable, and cost-effective (Shree 

et al., 2025). They also contribute to waste management and resource recycling. However, their 

adsorption capacity and mechanical stability are often lower compared to advanced materials, 

which limits their performance in practical applications. 

2.6 Biomass-MOF Composite Materials 

To enhance the performance of biomass-based adsorbents, researchers have developed composite 

materials by combining biomass with MOFs. In these composites, biomass serves as a support 

material and carbon source, while MOFs provide high surface area and well-defined porous 

structures (Jiang et al., 2024). 
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The in-situ growth of MOFs on biomass surfaces allows for uniform distribution and strong 

interaction between the two components. This prevents aggregation of MOF particles and 

improves the stability of the composite. Upon carbonization, these composites are transformed 

into biomass–MOF-derived carbon materials with hierarchical porosity and enhanced surface 

properties(Jiang et al., 2024). 

Such composite materials exhibit improved adsorption capacity, better stability, and additional 

functionalities compared to individual components. The presence of metal nanoparticles within 

the carbon matrix further enhances catalytic activity, particularly for redox-based removal 

processes(Li et al., 2025). As a result, biomass–MOF composites have shown great potential for 

efficient heavy metal removal(Li et al., 2025). 

JSP-MOF900 was compared to other adsorbents reported earlier for the Cr(VI) removal, as listed 

in Table 4. While some of the adsorbents made from ZIF-67 showed better adsorption capacity, 

the JSP-MOF900 composite shows comparatively high adsorption efficiency of 97.75% even 

under acidic conditions and short contact time. This level of adsorption efficiency is greater than 

many biomass-based adsorbents and equal to others based on nitrogen-doped carbons. The 

variation in the adsorption capacity can be due to differences in parameters such as the 

concentration of solution, pH, and adsorption model used in various studies. Even though the JSP-

MOF900 adsorbent does not have a very high adsorption capacity, it is advantageous because of 

the use of cost-effective biomass and easy preparation method. 
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Table 2: Comparison of Absorption of Cr(VI) of JSP-MOF900 with previous reported Absorbents 

 

Absorbent Adsorption Capacity / 

Removal Efficiency 

Conditions Authors 

(Year) 

ZIF-67 derived magnetic nanoporous 

carbon coated by poly(m-

phenylenediamine) 

(MNC@PmPD)(Gao et al., 2021) 

240.44 mg/g Acidic pH, batch Gao et al. 

(2021) 

ZIF-67 nanocrystals for Cr₂O₇²⁻ 

removal 

370 mg/g Batch, 

Langmuir model 

Abdelhameed 

et al. (2023) 

Magnetic Fe₃O₄/ZIF-67@Aminated 

Chitosan composite beads(Omer et al., 

2021) 

119.05 mg/g pH 2, 25°C, 

batch 

Omer et al. 

(2021) 

Biosorbent derived from Arundo 

donax stem (CADSP)(Bhattarai et al., 

2022) 

76.92 mg/g pH 2, batch Bhattarai et 

al. (2022) 

N-doped porous carbon from bamboo 

shoots (Qu et al., 2024) 

>90% removal Acidic pH, batch Chen et al. 

(2024) 

JSP-MOF900 — ZIF-67 derived 

carbon from Jacaranda seed pods 

(This study) 

97.75% pH 2, 90 min, 

batch 

This work 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1 Overview of Experimental Design 

This study involved a multi-step experimental approach encompassing: (i) preparation and 

characterization of Jacaranda seed pod (JSP) substrate, (ii) in-situ growth of ZIF-67 onto the JSP 

substrate in aqueous medium, (iii) controlled carbonization at three different temperatures to 

produce MOF-derived carbon composites, (iv) physicochemical characterization of all synthesized 

materials, and (v) evaluation of adsorption performance for hexavalent chromium [Cr(VI)] 

removal from simulated wastewater. The study was conducted at the laboratory facilities of 

Pulchowk Campus, Institute of Engineering, Tribhuvan University, Nepal. 

3.2 Materials and Reagents 

Cobalt nitrate hexahydrate (Co(NO3)2·6H₂O, ≥98%, Junsei Chemical Co. Ltd) and 2-

methylimidazole (2-MeIM, ≥98%, Sigma- Aldrich) were used as the cobalt metal precursor and 

organic ligand, respectively, for ZIF-67 synthesis. Cobalt chloride hexahydrate and 2-

methylimidazole can be successfully coordinated in methanol solvent at ambient temperature to 

produce ZIF-67 with a sodalite-type framework. Potassium dichromate (K₂Cr₂O₇, ≥99%, 

Qualigens) was used as the source of Cr(VI) for preparing stock and working solutions. Dilute 

nitric acid (HNO₃, 0.1 N) was used as the solvent for the Cr(VI) stock solution, and distilled water 

was used for pH adjustment. Diphenylcarbazide (DPC, ≥98.5%, ChemSynth) is used as a coloring 

agent. All the chemicals used in laboratory were analytical reagent (AR) grade.  Distilled water 

was used throughout all synthesis and adsorption experiments. 

Jacaranda Mimosifolia seed pods were collected locally and used as the natural biomass substrate. 

Biomass is an ideal substrate for loading MOFs due to its abundance, mechanical properties, low 

cost, high porosity, and low density and MOF crystals can be anchored on biomass surfaces 

through physical adsorption, hydrogen bonding, or chemical bonding with hydroxyl groups (Zou 

et al., 2024). 
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3.3 Preparation of Jacaranda Seed Pod (JSP) Substrate 

Jacaranda seed pods were washed with distilled water to remove surface dust and impurities. The 

washed pods were then dried in an oven at 80 °C for 24 hours to eliminate moisture. The dried 

pods were ground using a mechanical grinder and sieved to obtain a uniform fine powder. The 

resulting powder was designated as JSP-Pristine and served as the base substrate for ZIF-67 growth 

(Mukhiya et al., 2021). 

3.4 In-situ Growth of ZIF67 on JSP 

ZIF-67 MOF was successfully synthesized on the surface of the Jacaranda seed pod biomass via 

in-situ growth technique. Initially, 8.73g of Co(NO₃)₂·6H₂O was taken in a conical flask and 

dissolved in 200 ml of methanol to obtain Co²⁺ ions (Mukhiya et al., 2021) . The biomass was then 

dispersed in the metal solution with continuous stirring to facilitate the binding of Co²⁺ ions on the 

surface through interaction with functional groups like hydroxyl and carboxyl groups. 

Subsequently, 9.85g of 2-methylimidazole was dissolved in 200 ml of methanol in separate beaker 

to prepare ligand solution.  The JSP power was then added to metal ion solution and stirred for 3h 

to facilitate the interaction of metal ions with the surface of JSP particles. Then the ligand solution 

was slowly added to the reaction mixture under continuous stirring, and the mixture was left 

undisturbed for 24 h at room temperature (Mukhiya et al., 2021). The ligand bound to the Co²⁺ 

ions adsorbed on the surface of the biomass, which facilitated nucleation and formation of ZIF-67 

crystals on the biomass surface. The appearance of a characteristic purple color confirmed the 

formation of ZIF-67 MOF on JSP surface. Afterward, the product was filtered, extensively washed 

with methanol and distilled water to eliminate all unreacted compounds and then centrifuged at 

8000rpm for 7 min and dried at 80°C for 16 h in oven (Mukhiya et al., 2021) . 

3.5 Carbonization and Preparation of MOF-Derived Carbon Composites 

The ZIF-67/JSP composite was carbonized in a horizontal tube furnace (Kejia Furnace) under a 

continuous flow of nitrogen (N₂) gas to maintain an inert atmosphere and prevent oxidation during 

the thermal treatment (Karki, 2025). During carbonization of biomass under an inert atmosphere, 

several reactions occur including dehydration, decarboxylation, depolymerization, isomerization, 
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and aromatization and plant-based biomasses can generally retain their original structural 

morphology through pyrolysis. 

The ZIF-67/JSP composite was placed in boat and loaded into the tube furnace. The carbonization 

was carried out upon three temperature 700 °C, 800 °C, and 900 °C, and held at each target 

temperature for 5 hours. After completion, the furnace was cooled naturally to room temperature 

with continuous passing of N2 gas for prevention of re-oxidation of the material (Karki, 2025). 

During MOF pyrolysis in an inert atmosphere, organic linkers undergo carbonization while the 

metal nodes are reduced to metallic or oxide nanoparticles dispersed within the resulting porous 

carbon matrix, yielding MOF-derived carbon composites with high surface area and abundant 

active sites(Ronsse et al., 2015). 

The three carbon composites obtained were designated as follows: 

• JSP-MOF-700 - carbonized at 700 °C 

• JSP-MOF-800 - carbonized at 800 °C 

• JSP-MOF-900 - carbonized at 900 °C 

All three composites, along with JSP-Pristine, were kept in sealed vials under dry conditions for 

further characterization and adsorption experiments. 
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Figure 2: Schematic diagram of sample preparation 

 

3.6 Characterization of Synthesized Materials 

3.6.1 Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray 

Analysis (EDX) 

The surface morphology and microstructural features of JSP-Pristine, and the three carbonized 

composites (JSP-MOF700, JSP-MOF800, and JSP-MOF900) were examined using Field 

Emission Scanning Electron Microscopy (FESEM, JEOL JSM). FESEM provides high-resolution 

imaging of surface texture, particle size distribution, and morphological changes induced by MOF 

growth and subsequent carbonization. Energy Dispersive X-ray (EDX) analysis was to determine 

the elemental composition of the materials, confirming the presence of carbon (C), nitrogen (N), 

oxygen (O), and cobalt (Co) in the synthesized composites. FESEM and EDX characterization 
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provide critical information on the morphology, particle size, and elemental composition of ZIF-

67-derived materials, offering direct evidence of successful synthesis and structural transformation 

upon carbonization. 

3.6.2 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) (FTIR, PerkinElmer Spectrum IR version 10.6.2) 

was used to identify the functional groups present on the surface of JSP-Pristine, and the MOF-

derived carbon composites at Chemistry Laboratory, Amrit campus. Spectra were recorded in the 

wavenumber range of 400–4000 cm⁻¹. FTIR analysis of ZIF-67 shows a characteristic sharp 

absorption band at approximately 423 cm⁻¹ due to Co–N stretching vibration, confirming bond 

formation between cobalt and the 2-methylimidazole ligand; additional peaks in the 995–1145 

cm⁻¹ region are attributed to C–N bending and stretching vibrations of the imidazolate ring 

(Mohamed et al., 2017). Changes in FTIR spectra across the series of materials were used to track 

the progressive transformation of functional groups from the pristine biomass substrate through 

ZIF-67 formation to the final carbonized composites. 

3.7 Preparation of Cr(VI) Working Solutions 

A stock solution of Cr(VI) was prepared by dissolving a precisely weighed quantity of potassium 

dichromate (K₂Cr₂O₇) in 0.1 N HNO₃. Working solutions of 10ppm concentrations were prepared 

by serial dilution of the stock solution using 0.1 N HNO₃. The pH of all working solutions was 

adjusted to pH 2 using distilled water and verified using a calibrated digital pH meter. The selection 

of pH 2 was based on the well-established understanding that acidic conditions favor electrostatic 

attraction between the positively charged adsorbent surface and the negatively charged Cr(VI) 

oxyanion species (HCrO₄⁻ and Cr₂O₇²⁻), which predominate at low pH values. The concentration 

of Cr(VI) in all solutions was determined using the standard diphenylcarbazide colorimetric 

method at a wavelength of 540 nm using a UV-Vis spectrophotometer. 

3.8 Batch Adsorption Experiments 

Batch adsorption experiments were conducted to evaluate the Cr(VI) removal performance of JSP-

Pristine, JSP-MOF-700, JSP-MOF-800, and JSP-MOF-900. A 25mg of adsorbent was added to a 
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50 ml volume of Cr(VI) working solution in beaker and stirred by using a magnetic stirrer. The 

Contact time was taken as a 15, 30, 60 and 90 minutes. And the liquid sample of every subsequent 

contact time was taken, then it was centrifuged at 8000 rpm for 7 minutes and measured using UV-

Vis spectrophotometry after adding few drops 1,5-diphenylcarbazide (DPC) solution, in the ratio 

1:10 as complexing agent on it.  And the adsorption was observed through UV-Vis 

spectrophotometry. The removal efficiency (%) was calculated as: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑒𝑦(%) = (
𝐶₀ − 𝐶𝑒

𝐶₀
) ∗ 100 … … … … … … … . . (1) 

where C₀ is the initial Cr(VI) concentration (mg/L) and Ce is the equilibrium concentration (mg/L) 

after adsorption. The effects of key parameters including adsorbent dosage, initial Cr(VI) 

concentration, contact time, and pH on removal efficiency were systematically investigated to 

identify optimum adsorption conditions. 

3.9 Adsorption Isotherm and Kinetics 

Kinetic models such as pseudo-first-order and pseudo-second-order were applied to determine the 

rate-controlling steps of the adsorption process. 

3.9.1 Pseudo-First-Order Kinetic Model 

The pseudo-first-order (PFO) kinetic model, originally proposed by Lagergren (1898), is one of 

the earliest and most commonly employed models for describing the rate of adsorption from a 

liquid phase onto a solid surface. The model has assumption that rate of adsorption at any time is 

directly proportional to the difference between the equilibrium adsorption capacity and the amount 

of adsorbate taken up at that time. Mathematically, the PFO model is expressed as: 

dqt/dt = k₁(qe − qt)…………………………………….(2) 

where qt (mg/g) is the amount of adsorbate adsorbed per unit mass of adsorbent at time t (min), qe 

(mg/g) is the equilibrium adsorption capacity, and k₁ (min⁻¹) is the pseudo-first-order rate constant. 

Integrating the above expression with the boundary condition qt = 0 at t = 0 yields the linearized 

form: 
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ln(qe − qt) = ln(qe) − k₁t…………………………….(3) 

A plot of ln(qe − qt) versus t gives a straight line with slope −k₁ and intercept ln(qe), from which 

the rate constant and theoretical equilibrium capacity can be determined. The PFO model is 

generally applicable when the concentration of the adsorbate in solution is relatively low, or when 

physisorption governs the overall adsorption process. A high R² value (close to 1.0) from linear 

regression of this plot confirms the validity of the PFO model for a given adsorbent–adsorbate 

system. 

3.9.2 Pseudo-Second-Order Kinetic Model 

The pseudo-second-order (PSO) kinetic model, introduced by Ho and McKay (1999), assumes that 

the overall rate of adsorption is controlled by a chemisorption mechanism involving valence forces 

through the sharing or exchange of electrons between the adsorbent and the adsorbate. Unlike the 

PFO model, the PSO model assumes that adsorption involves the formation of chemical bonds and 

that the rate is proportional to the square of the number of unoccupied active surface sites. The 

differential form of the PSO model is: 

dqt/dt = k₂(qe − qt)²…………………………..(4) 

where k₂ (g/mg·min) is the pseudo-second-order rate constant. Integration of this expression with 

the boundary condition qt = 0 at t = 0 and rearrangement yields the following linearized form: 

t/qt = 1/(k₂qe²) + (1/qe)t………………….(5) 

A linear plot of t/qt versus t yields a slope of 1/qe and an intercept of 1/(k₂qe²), allowing the 

determination of both the equilibrium adsorption capacity and the rate constant. The PSO model 

has been widely used in adsorption studies and is especially appropriate when chemisorption is the 

rate-limiting step. A higher R² value for PSO compared to PFO indicates that the adsorption 

mechanism is predominantly governed by chemical interactions rather than physical diffusion. 
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Figure 3:  Research Flow Chart 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Fourier Transform Infrared Spectroscopy Analysis 

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy was used to investigate the 

evolution of surface functional groups across the JSP-derived material series. The spectra, 

recorded in the 4000–400 cm⁻¹ range, are presented comparatively for JSP-Pristine, JSP-MOF700, 

JSP-MOF800, and JSP-MOF900 as shown in figure 4. 

The pristine Jacaranda seed pod (JSP-Pristine) exhibited a characteristic lignocellulosic FTIR 

fingerprint. A broad, prominent absorption band centered around 3300–3400 cm⁻¹ is attributed to 

O–H stretching vibrations from hydroxyl groups in cellulose and hemicellulose, as well as 

adsorbed moisture(Azeez & Shenbagaraman, 2025). Aliphatic C–H stretching modes appear as a 

doublet at approximately 2920 and 2850 cm⁻¹, corresponding to asymmetric and symmetric 

stretches of CH₂ and CH₃ groups present in the lignocellulosic organic structure(Kundu et al., 

2023). Absorption bands in the 1600–1650 cm⁻¹ region are ascribed to C=O stretching and C=C 

aromatic ring vibrations characteristic of lignin moieties, while the strong, complex absorption 

envelope in the 900–1200 cm⁻¹ region corresponds to C–O–C glycosidic and ether linkages in 

cellulose and hemicellulose. This pattern is fully consistent with the known FTIR signatures of 

lignocellulosic biomass materials(Md Salim et al., 2021) (El-Azazy et al., 2022) 

Upon carbonization, a systematic and progressive transformation of the FTIR spectra was observed 

across the JSP-MOF700, JSP-MOF800, and JSP-MOF900 series. The broad O–H stretching band 

(3300–3400 cm⁻¹) and aliphatic C–H stretches (2920–2850 cm⁻¹) progressively diminished with 

increasing carbonization temperature, reflecting the thermally driven dehydration and 

deoxygenation of the organic biomass matrix(Yusuf, 2023). The C–O–C glycosidic linkages in the 

900–1200 cm⁻¹ region similarly weakened, consistent with the decomposition of polysaccharide 

chains at elevated temperatures (Zhou et al., 2017). These observations collectively confirm the 

progressive transition from an oxygenated, aliphatic organic biomass structure to a more 

condensed, aromatic carbon framework with increasing carbonization temperature. 
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Importantly, C=N stretching vibrations, attributable to nitrogen incorporated from the 2-

methylimidazole linkers of ZIF-67, were retained in the carbonized samples, confirming successful 

nitrogen doping within the carbon matrix(Shao et al., 2021). The emergence of new absorption 

features in the 500–700 cm⁻¹ fingerprint region in the carbonized samples particularly in JSP-

MOF800 and JSP-MOF900 is attributed to Co–N and Co–O vibrational modes, providing direct 

spectroscopic evidence of cobalt species incorporation derived from the ZIF-67 precursor(Yang et 

al., 2024). JSP-MOF900 exhibited a near-complete loss of oxygenated functional group bands, 

indicating the highest degree of graphitization among the three carbonized samples. A distinct 

absorption dip around 3000 cm⁻¹ observed in JSP-MOF900 may be attributed to residual N–H 

stretching or C≡N contributions from nitrogen species incorporated at high temperature(Zhou et 

al., 2017). 
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Figure 4: FTIR spectrum of powdered jacaranda seed pods and its derived carbons 
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4.2 FESEM Morphological Analysis 

FESEM analysis provided detailed insights into the morphological evolution of the JSP-derived 

materials across the carbonization temperature series. Representative FESEM images were 

obtained at multiple magnifications (scale bars: 3 μm, 1 μm, 2 μm, 200 nm, 100 nm) to capture 

structural features at both the microscale and nanoscale levels. 

4.2.1 JSP-Pristine (Panels a, b) 

The pristine Jacaranda seed pod exhibited a characteristic layered, sheet-like architecture with 

irregular folding, consistent with the lamellar structure of plant cell walls. At the 3 μm scale (Panel 

a), macropores resulting from the natural vascular and cellular structure of the seed pod were 

clearly visible as pit-like features distributed across the surface. At higher magnification (1 μm, 

Panel b), the surface appeared relatively smooth and dense at the nanoscale, with small circular 

features (~100–200 nm) likely corresponding to natural stomata or pit membrane remnants. The 

absence of nanoparticles or defined crystal structures on this surface confirmed that the pristine 

biomass possesses natural microporosity but negligible nano porosity which is consistent with the 

FTIR-confirmed lignocellulosic composition of the unmodified material. 

4.2.2 JSP-MOF700 (Panels c, d) 

Carbonization at 700°C resulted in a dramatic morphological transformation from the smooth, 

layered pristine biomass. At the 2 μm scale (Panel c), the surface exhibited significant 

fragmentation and granular irregularity, with the collapse of the biomass lamellar structure and the 

emergence of bright, loosely aggregated clusters. At 200 nm magnification (Panel d), these clusters 

resolved into fluffy, cauliflower-like nano-aggregates characteristic of incipient Co nanoparticle 

nucleation within a partially graphitized carbon matrix. The aggregates appeared loosely packed 

with considerable inter-particle space, suggesting high inter-particle porosity. The incomplete 

carbonization at 700°C is evidenced by the disordered, non-uniform nature of the particle 

distribution, indicating early-stage decomposition of the ZIF-67 framework and onset of Co 

species nucleation. 
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Figure 5: FESEM images of a &b) JSP-Pristine and c & d) JSP-MOF700 

4.2.3 JSP-MOF800 (Panels e, f) 

Carbonization at 800°C yielded a notably more consolidated and uniform morphology. At 1 μm 

(Panel e), the carbon sheet structure remained discernible but was now densely decorated with 

uniformly distributed nanoparticles, with a distinct mesopore (~300–400 nm) visible on the surface 

confirming pore development. At the highest magnification of 100 nm (Panel f), the material 

revealed a remarkably homogeneous distribution of fine Co nanoparticles (~10–20 nm) anchored 

firmly on the consolidated carbon matrix, with minimal agglomeration. This exceptional 

nanoparticle dispersion represents the defining morphological characteristic of JSP-MOF800 and 

is directly correlated with its superior adsorption performance, as the uniform distribution 

maximizes the density of accessible active sites on the material surface. 
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4.2.4 JSP-MOF900 (Panels g, h) 

At 900 °C, FESEM images revealed a surface almost entirely covered by densely packed, well-

defined spherical Co nanoparticles. At 200 nm magnification (Panel h), the particles exhibited 

clear spherical morphology with significant size variation, with larger particles (~100–150 nm) 

coexisting alongside smaller ones (~30–50 nm). This bimodal size distribution is consistent with 

Ostwald ripening a thermodynamically driven particle coarsening process in which larger particles 

grow at the expense of smaller ones under the high thermal energy provided at 900 °C. While the 

particle coverage on the carbon surface was visually dense, the increased particle size and evidence 

of sintering suggest a net reduction in accessible surface area and active site density compared to 

JSP-MOF800, consistent with the observed lower adsorption performance of this material. 

 

Figure 6: FESEM images of e &f ) JSP-MOF800 and g & h) JSP-MOF900 
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4.3 EDX Analysis 

The surface morphology and elemental composition of the synthesized JSP-MOF900 composite 

were examined using FESEM coupled with EDX spectroscopy. The FESEM micrograph revealed 

a flat, layered surface morphology with irregular edges at a scale of 2.5 μm, which is a typical 

characteristic of biomass-derived carbon materials following high-temperature carbonization. The 

platelet-like structure suggests that the Jacaranda seed pod substrate retained partial morphological 

features of the original lignocellulosic architecture even after pyrolysis, consistent with the well-

established behavior of plant-based biomass during thermal treatment (Li et al., 2023). 

Carbon was the dominant element at 68.27 wt%, confirming successful carbonization of both the 

JSP biomass substrate and the ZIF-67 organic linker. The substantial oxygen content (19.27 wt%) 

indicates the retention of surface functional groups such as hydroxyl (–OH), carboxyl (–COOH), 

and carbonyl (C=O) groups, which are known to play an active role in heavy metal adsorption 

through surface complexation and ion exchange (Devi et al., 2023). Cobalt was retained at 12.22 

wt%, confirming that Co²⁺ nodes from ZIF-67 were successfully converted to cobalt nanoparticles 

embedded within the carbon matrix during carbonization, a transformation well documented in 

ZIF-67-derived carbon composites (Naghdi et al., 2024). Nitrogen was detected at 0.48 wt%, 

originating from the 2-methylimidazole ligand of ZIF-67. Although present in small amounts, 

nitrogen doping is known to enhance the surface basicity and electron density of carbon materials, 

improving their affinity toward heavy metal ions (Gao et al., 2022). 

The EDX elemental mapping (Figure 7, panels c–f) confirmed a uniform spatial distribution of all 

four elements across the particle surface with no visible phase segregation. The carbon map 

(yellow) covered the entire surface uniformly, confirming it as the dominant structural matrix. The 

oxygen map (red) showed strong signals concentrated on the surface and edges, indicating 

accessible oxygen-rich adsorption sites. The cobalt map (pink) revealed well-dispersed cobalt 

nanoparticles throughout the matrix without obvious agglomeration, which is favorable for 

maintaining a high density of active adsorption sites. The nitrogen map (blue) showed a low but 

evenly distributed signal consistent with its minor but meaningful incorporation into the carbon 

framework. 
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Overall, the FESEM-EDX results confirm the successful formation of a carbon-rich composite 

with well-dispersed cobalt nanoparticles and reactive oxygen-containing surface groups properties 

that are collectively expected to contribute to the effective adsorption of Cr(VI) and Pb(II) from 

aqueous solution. 

 

 

Figure 7: EDX and Elemental mapping of JSP-MOF900 

4.4 X-Ray Diffraction Analysis 

The X-ray diffraction (XRD) patterns for JSP-Pristine900 and JSP-MOF900 have been examined 

in Jeonbuk National University laboratory (XRD, Rigaku, Cu Kα (λ = 1.54056 Å, 40 kV, and 40 
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mA) to examine any differences in terms of their crystalline nature following carbonization at a 

temperature of 900 °C shown in figure 8. From the obtained data, it can be observed that there 

exists a large difference in the nature of these two samples. 

Specifically, for JSP-Pristine900, one sees a diffraction pattern that consists of a broad peak for a 

diffraction angle, 2θ, of around 22–25°. The latter belongs to the (002) plane for an amorphous 

carbon form. Therefore, it can be said that the degree of graphitization is quite small in this 

case(Moseenkov et al., 2023). Furthermore, for 2θ ≈ 43–45°, there exists a weak and broad pattern 

that belongs to the (100) plane. This suggests the existence of some graphitic domains(Manoj & 

Kunjomana, 2012). 

The XRD pattern of JSP-MOF900 consists of a broad peak characteristic of carbon, as well as a 

few sharp peaks, suggesting that both amorphous carbon and crystalline phases are present in the 

material. The broad peak centered around 2θ = 24° represents the carbon phase, identical to the 

one observed in the initial sample. Nevertheless, the presence of a few prominent sharp peaks 

centered at 2θ = 31°, 36°, 44°, and 59° shows that crystalline phases have been successfully 

synthesized by carbonization reactions(Li et al., 2021). 

The identified sharp peaks correspond to cobalt-based materials, which are most likely Co₃O₄ and 

metallic Co⁰ resulting from the decomposition of the ZIF-67 framework(Cai et al., 2025; 

Mamdouh et al., 2024). For example, the peak at 2θ = 36° represents the (311) plane of Co₃O₄, 

whereas the peak near 2θ = 44° is assigned to the (111) plane of metallic cobalt, with some 

contribution from the carbon (100) plane. Finally, the peaks around 2θ = 59° may represent the 

(511) or (440) planes of Co₃O₄(Ravina et al., 2024). 
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Figure 8: XRD plot of JSP-Pristine and JSP-MOF900 

 

4.5 Adsorption Performance Analysis 

4.5.1 UV-Vis Absorbance Study of Cr(VI) Removal Over Time 

Adsorption efficiency of Cr(VI) through JSP-based materials was conducted via the technique of 

UV-visible spectroscopy by measuring the absorption spectrum of the complex between Cr(VI) 

ion and diphenylcarbazide at 540 nm (Emadi et al., 2022). The absorption of pristine JSP, JSP-

MOF700, JSP-MOF800, and JSP-MOF900 were plotted. Because the absorption spectrum at 540 

nm is directly related to the concentration of Cr(VI), decreasing in peak intensity means that the 

Cr(VI) ion is being removed. 
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Figure 9:  Calibration curve for Cr(VI) determination 

Before analyzing the absorption samples, the calibration curve for determining the concentration 

of Cr(VI) in the solution through UV–Vis spectrophotometry (UV-2600i, Shimadzu, 

Nonlaboratory, Pulchowk Campus) was constructed as in figure 9. The standard Cr(VI) working 

solutions with various concentrations were prepared at pH 2 (Bhattarai et al., 2022; Emadi et al., 

2022), and their absorbance at 540 nm was analyzed after mixing with 1,5-diphenylcarbazide 

reagent. It was revealed that there was a direct proportion between the increase in the concentration 

of Cr(VI) and the increase in absorbance, confirming the applicability of Beer-Lambert’s law in 

this case(Dawra & Dabas, 2024). 

Thus, there was a good correlation between the absorbance and concentration of Cr(VI), which is 

illustrated by the following regression equation: 
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y=0.12445+0.32328x,………………………(7) 

where y stands for absorbance, and x stands for the concentration of Cr(VI) in mg/L. R2 is 0.991, 

meaning that there is an excellent linearity and reliability of the calibration curve, which makes it 

possible to use this regression equation for calculating the concentration of remaining Cr(VI) in 

adsorption tests based on their absorbance(Pehlivan & Cetin, 2009; Uysal & Ar, 2007). 

Specifically, for each absorption sample, the absorbance was determined at 540 nm and substituted 

into the calibration equation to get the corresponding Cr(VI) concentration: 

𝑋 =
𝑦−0.12445

0.32328
………………………………..(8) 

Where X is the Cr(VI) concentration post-adsorption, and y is the absorbance measured. The 

obtained concentrations were used for further calculation of C/C0 ratio, removal efficiency, and 

kinetics(Ahmad et al., 2016). 

The calibration procedure was essential to make sure that UV-Vis absorbance readings are 

correctly transformed into concentrations of Cr(VI). 



 

39 

 

 

 

 

Figure 10: Time-dependent absorbance profiles of different samples 

From the absorption spectra shown in Figure 10, it is apparent that the reduction in the absorbance 

spectra continues as the contact time increases. Therefore, it can be said that there is an ongoing 

process of removing Cr(VI) ions from the solution. 

From among all the samples, JSP-MOF900 records the greatest drop in absorbance at all time 

points, implying that it has the best Cr(VI) removal efficacy. JSP-MOF800 is also observed to 

remove Cr(VI) ions effectively; however, its absorbance readings are higher compared to JSP-

MOF900. The absorbance readings from JSP-MOF700 show moderate adsorption, whereas the 

JSP-Pristine sample has the least absorbance decline. Therefore, based on the experimental 

findings, the following ranking can be suggested for the performance of the samples under 

investigation: 
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JSP-MOF900 > JSP-MOF800 > JSP-MOF700 > JSP-Pristine 

The enhanced performance of JSP-MOF900 might be the carbonization temperature influencing 

adsorption efficacy. Specifically, when the material is subjected to high temperatures of 900°C, 

the carbon structure is graphitized and electrical conductivity is improved, leading to efficient 

electron transfer reactions. Also, the degradation of ZIF-67 structure results in the dispersion of 

Co-based nanoparticles, which serve as active centers and increase the adsorbate–adsorbent 

interaction. Moreover, these active centers might be able to reduce Cr(VI) ions into the less toxic 

Cr(III) form, thus promoting adsorption-reduction synergy. 

On the other hand, JSP-MOF700 can be affected by incomplete carbonization, leading to poor 

pore development and fewer active adsorption sites. JSP-MOF800, despite having an advanced 

porous structure and considerable adsorption efficiency, might have lower catalytic activity than 

JSP-MOF900. JSP-Pristine is found to be least efficient because of minimal surface area without 

any engineering pores and active sites. 

Kinetic study is conducted via pseudo-first-order analysis based on plots of −ln(C/C₀) against 

contact time. Linear trends generated by such plots reveal that adsorption is in accordance with 

pseudo-first-order kinetics, where the rate of adsorption is proportional to the concentration of 

Cr(VI) ions. The gradient of each graph denotes the rate constant (k), which indicates the rate of 

adsorption. 

Based on the kinetic data, it is evident that JSP-MOF900 has the highest slope value, suggesting 

the fastest adsorption rate among all samples. In comparison, JSP-MOF800 has the second fastest 

rate, followed by JSP-MOF700, whereas JSP-Pristine has the slowest rate. These results are in 

agreement with the findings of UV-Vis absorbance analysis. Thus, JSP-MOF900 proves to be the 

best adsorbent material for Cr(VI) ions. 

Overall, the UV-Vis spectroscopic and kinetic measurements indicate that JSP-MOF900 has the 

best efficiency for removal and fastest adsorption kinetics. In addition, higher carbonization 

temperatures contribute to improved structure as well as catalytic activity, which result in better 

performance for the removal of Cr(VI). For JSP-MOF900, Cr(VI) adsorption consists of fast initial 
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adsorption kinetics followed by slow attainment of equilibrium. This is due to the occurrence of 

surface adsorption and reduction mechanisms. 

4.5.2 Comparative Adsorption Capacity 

Figure 11 represents a comparative bar chart of the adsorption capacity of JSP-Pristine, JSP-

MOF700, JSP-MOF800, and JSP-MOF900 across different experimental conditions. Several 

important trends emerge from this comparison. 

First, JSP-Pristine consistently exhibited the lowest adsorption capacity across all tested 

conditions, confirming that the raw Jacaranda seed pod biomass without MOF growth and 

carbonization has limited capability for Cr(VI) removal. This is expected given its relatively low 

surface area and the absence of the cobalt nanoparticles and nitrogen-doped carbon framework 

that characterize the MOF-derived composites. 

Second, all three carbonized MOF composites JSP-MOF700, JSP-MOF800, and JSP-MOF900 

showed markedly higher adsorption capacities than JSP-Pristine, clearly demonstrating the 

enhancement achieved through ZIF-67 growth and subsequent carbonization. This improvement 

is attributed to the synergistic contribution of the porous carbon matrix, retained oxygen surface 

groups, and dispersed cobalt nanoparticles all confirmed by EDX analysis which collectively 

provide a rich and accessible network of adsorption sites. 

Third, and most significantly, JSP-MOF-900 demonstrated the highest adsorption capacity among 

all materials across the majority of tested conditions, establishing it as the optimal composite in 

this series. The superior performance of JSP-MOF900 over JSP-MOF800 and JSP-MOF700 

reflects the benefit of higher carbonization temperature in developing a more graphitized, porous 

carbon structure with greater surface area. 
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Figure 11: Comparative bar chart of adsorption capacity 

The Graphs C/C0 versus contact time in figure 12 represent the kinetics of removal of Cr(VI) ions 

from an aqueous solution using pristine carbon composites and MOF-derived carbon composites. 

It can be seen that the removal rate increases continuously with the contact time; however, there 

is a sudden decrease in the ratio. This shows that removal of Cr(VI) ions occurs quickly at first, 

and then slowly approaches the equilibrium level. The best performance is exhibited by the 

composite prepared at the highest temperature (JSP-MOF900), which removes almost all Cr(VI) 

ions in about 90 minutes. The MOF composite prepared at the lower temperature (JSP-MOF800) 

shows good removal but slower kinetics compared to the JSP-MOF900 sample. On the other hand, 

JSP-MOF700 removes less Cr(VI) ions with even slower kinetics. In addition, JSP-Pristine shows 

the poorest removal because it does not have any developed pores and active sites for adsorption 

reactions. This is due to higher graphitization, porosity, and availability of cobalt nanoparticles in 

JSP-MOF900. 
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Figure 12: C/C0 versus contact time graph 

Kinetic profile analysis −ln(C/C0) versus contact time in figure 13 gives an idea about the 

mechanism of Cr(VI) adsorption by pristine and carbon composites derived from metal-organic 

frameworks (MOFs). The obtained linear plots for all samples signify that the adsorption process 

approximately obeys the pseudo-first order reaction kinetics. Among the various adsorbents, the 

slope of the curve for JSP-MOF900 is high, indicating the maximum value of the rate constant and 

maximum rate of removal. The high efficiency of JSP-MOF900 is due to the formation of active 

sites as a result of better graphitization and dispersion of Co nanoparticles at 900°C temperature; 

apart from these active sites, reduction to Cr(III) also takes place. Slightly lower kinetics of JSP-

MOF800 indicate that even though it had a well-developed porous system, it had relatively poor 

catalytic ability. The performance of JSP-MOF700 was moderate because of the insufficient 

degree of carbonization; similarly, JSP-Pristine showed very low adsorption ability because there 

was no porosity present in it. 
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Figure 13: Pseudo First Order Analysis Graph 

Table 3: Pseudo First Order Parameters (K and R2) for Cr(VI) Adsorption 

Sample R2 Value Slope K (Rate Constant) 

JSP-Pristine 0.9667 0.0068 

JSP-MOF700 0.9585 0.0197 

JSP-MOF800 0.9471 0.0295 

JSP-MOF900 0.9073 0.0379 
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To test the applicability of the pseudo-first order kinetic equation, a graph of −ln(C/C₀) against 

time resulted in straight-line plots for all adsorbents tested. The slope of these lines is the value of 

the rate constant (k) and denotes the rate of Cr(VI) adsorption as in figure 14. Among all adsorbents 

tested, JSP-MOF900 possessed the largest slope value as shown in table 2 and is therefore 

associated with the highest rate of adsorption kinetics, followed by JSP-MOF800, JSP-MOF700, 

and finally JSP-Pristine. In addition to the rate constant value, the quality of data fitting with the 

kinetic model was determined through the coefficient of determination (R²). The obtained values 

of R² for all adsorbents were close to unity (R² > 0.90), signifying an excellent fit of data with the 

pseudo-first-order model. The closer the value of R² to 1.0, the more the experimental data agrees 

with the model predictions, and therefore, the concentration-dependent nature of kinetics can be 

inferred from this information. 
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Figure 14: Rate Constant of different sample 
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Figure 15: Pseudo Second Order Analysis Graph 

Further analysis was conducted using the pseudo-second-order (PSO) model where a graph of t/qt 

against time, t, was plotted for each adsorbent. Figure 15 reveals that although adsorbents JSP-

Pristine, JSP-MOF700, and JSP-MOF800 show relatively low R2 values when fitted using the PSO 

model, JSP-MOF900 gives an unusually high value of R2 indicating a better fit, hence its 

adsorption process follows PSO best. 

It is clear from the above analysis that chemisorption is the main rate- controlling step in the 

adsorption process of adsorbent JSP-MOF900. This process involves the formation of strong 

chemical bonds possibly due to electrostatic attraction, surface complexation, and ion exchange 

between Cr(VI) anions such as HCrO4
- and Cr2O7

2- and active sites on the JSP-MOF900 suggests 

that there must be some structural and composition changes in the MOF, hence increased 
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availability of active sites on the surface of JSP-MOF900 compared to JSP-MOF700 and JSP-

MOF800. 

Table 4: Summary of Kinetics fitting model 

Sample PFO R2 PFO Model Fit PSO R2 PSO Model Fit 

JSP-Pristine High Satisfies Moderate Does not satisfy 

JSP-MOF700 High Satisfies Low Does not satisfy 

JSP-MOF800 High Satisfies Low Does not satisfy 

JSP-MOF900 High Satisfies High (Highest) Strongly Satisfy 

So, pseudo-first-order kinetic studies which were carried out on the adsorption of Cr(VI) onto JSP-

Pristine, JSP-MOF700, JSP-MOF800, and JSP-MOF900 to confirm that all four adsorbents have 

pseudo-first-order kinetics. This indicates that processes like physisorption and diffusion 

significantly contribute to the mechanism involved in adsorption. Also, the adsorption of Cr(VI) 

ions onto JSP-MOF900,prepared by carbonization at the highest temperature(900 °C), shows the 

highest correlation with the pseudo-second-order model compared to other adsorbents. This shows 

that the mechanism of adsorption in such an adsorbent is mainly chemisorption, and this may be 

due to the increased reactivity and concentration of functional sites on the surface of the adsorbent 

due to thermal conversion at high temperatures. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATION 

 

Conclusion 

This study successfully developed carbon-based MOF composites from Jacaranda seed pod 

biomass and tested their ability to remove chromium from water. Among all composites prepared, 

JSP-MOF900 performed best, removing approximately 97% of Cr(VI) from aqueous solution. 

The removal worked through two key steps. First, at acidic pH 2, the positively charged surface of 

the adsorbent attracted Cr(VI) ions quickly  followed pseudo first-order kinetics. Second, cobalt 

species within the composite triggered a chemical reaction that converted the more harmful Cr(VI) 

into the less toxic Cr(III), which then either stuck to the surface or settled out of solution consistent 

with pseudo second-order kinetics. 

Overall, these results confirm that Jacaranda seed pod waste can be turned into an effective, low-

cost material for cleaning up chromium-contaminated wastewater. 

Recommendation 

Based on these findings, the following is recommended: 

• Future studies should test JSP-MOF900 on real industrial wastewater samples to confirm 

performance under practical conditions. 

• Further research should explore regeneration and reusability of the composite to assess its 

long-term cost-effectiveness. 

• Scaling up the synthesis process should be investigated to support larger-scale water 

treatment applications. 

• Testing the material against other heavy metal contaminants would help broaden its 

potential environmental applications. 
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