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ABSTRAK 

Peningkatan permintaan minyak sebagai sumber tenaga utama di seluruh dunia telah 
membawa kepada penurunan pesat dalam rizab minyak mentah ringan, menggalakkan 
penyelidikan terhadap minyak mentah berat sebagai alternatif lain. Salah satu cabaran 
kritikal yang dihadapi oleh industri minyak mentah berat ialah kandungan logam yang 
tinggi, terutamanya nikel dan vanadium. Kehadiran nikel dan vanadium porfirin 
menyebabkan kakisan peralatan dan keracunan pemangkin, selain kerosakan terhadap 
alam sekitar. Oleh itu, terdapat keperluan mendesak untuk menghapuskan unsur-unsur 
yang memudaratkan ini dan mencegah pembentukannya dalam bahan mentah. 
Kombinasi sinergi ciri-ciri unik zeolit dan kitosan menjanjikan peluang yang baik untuk 
pelbagai aplikasi, terutamanya dalam operasi penyingkiran logam daripada minyak 
mentah. Objektif utama kajian ini adalah untuk menyingkirkan nikel dan vanadium 
porfirin daripada minyak mentah menggunakan komposit kitosan (CHS) yang diubah 
suai dengan zeolit-X (ZX) yang berasal daripada abu terbang arang batu Malaysia 
(CFA) sebagai agen penyingkiran logam baharu. Sintesis ZX bermula dengan pra 
rawatan CFA. Proses ini termasuk memisahkan pecahan magnetik dan pencucian asid 
untuk menghilangkan kekotoran. Seterusnya, CFA yang dirawat diubah menjadi ZX 
melalui kaedah gabungan-hidroterma alkali di bawah pelbagai keadaan sintesis. ZX 
yang disintesis dicirikan menggunakan magnetometer sampel bergetar (VSM), 
pembelauan sinar-X (XRD), pendarfluor sinar-X (XRF), mikroskop elektron 
pengimbasan (SEM), isoterma penjerapan-penyahjerapan N2, spektroskopi inframerah 
(FTIR), dan analisis termogravimetri (TGA). Di bawah keadaan optimum, ZX yang 
diperoleh daripada CFA yang dirawat berkesan menyingkirkan ion Ni2+ dan V5+ 
daripada larutan akueus, mencapai keupayaan penyerapan maksimum sebanyak 41.55 
mg/g untuk Ni2+ dan 32.38 mg/g untuk V5+. Walau bagaimanapun, zeolit yang 
dihasilkan mempamerkan keafinan yang rendah terhadap porfirin logam dalam medium 
organik. Komposit CHS/ZX telah difabrikasi dengan merendam zarah zeolit yang 
disintesis ke dalam larutan kitosan-gelasi, dan formulasi matriks telah dioptimumkan 
melalui kaedah gerak balas permukaan (RSM). Kebolehpercayaan model dalam 
meramalkan penyingkiran porfirin logam menggunakan pembolehubah yang ditetapkan 
telah disahkan dengan ralat ketepatan 0.5%. Pencirian sistematik menunjukkan bahawa 
komposit CHS/ZX yang disintesis berjaya menggabungkan struktur mesoporus dengan 
kedua-dua kumpulan berfungsi ZX dan CHS. Mekanisme penjerapan dan nyahjerapan 
porfirin logam oleh komposit CHS/ZX telah disiasat menggunakan larutan model yang 
mengandungi vanadil dan nikel tetrafenil porfirin (VO-TPP dan Ni-TPP) dalam toluena. 
Keberkesanan sebatian kitosan-zeolit dalam menyingkirkan porfirin logam meningkat 
dua kali ganda berbanding dengan kadar penyingkiran yang dicapai oleh komponen 
induk secara individu. Kesan pembolehubah kualitatif dan kuantitatif untuk 
mendapatkan semula porfirin logam daripada komposit CHS/ZX tepu telah 
diterokai.dikaji. Di bawah keadaan optimum, 27.07 mg/g daripada VO-TPP dan 28.02 
mg/g daripada Ni-TPP yang diserap oleh komposit CHS/ZX telah berjaya didapatkan 
semula. Keputusan menunjukkan bahawa CHS/ZX berjaya menyingkirkan 3.00 mg/g 
nikel dan 7.68 mg/g vanadium daripada minyak mentah Basrah berat, serta 0.83 mg/g 
nikel dan 5.54 mg/g vanadium daripada minyak mentah Basrah sederhana dalam 
keadaan optimum. Secara keseluruhannya, komposit CHS/ZX menunjukkan potensi 
yang baik untuk dibangunkan sebagai bahan penyingkir logam minyak mentah, yang 
membawa kepada proses penapisan yang lebih baik dalam industri petrokimia. 
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ABSTRACT 

The increasing worldwide demand for oil as a primary energy source has led to a rapid 
decline in light crude reserves, prompting the investigation of heavy crude as a viable 
alternative. One of the critical challenges facing the heavy crude oil industry is the high 
metal content, especially nickel and vanadium, which exist in the form of porphyrin 
complexes. The presence of nickel and vanadium porphyrins causes equipment 
corrosion and the poisoning of catalysts, in addition to environmental damage. 
Therefore, there is an urgent need to remove these detrimental elements and prevent 
their buildup in feedstocks. The synergistic combination of the unique characteristics 
of zeolite and chitosan presents promising opportunities for diverse applications, 
particularly in crude oil demetallization operations. The main objective of this study is 
to remove nickel and vanadium porphyrins from crude oil using a composite of chitosan 
(CHS) modified with zeolite-X (ZX) derived from Malaysian coal fly ash (CFA) as a 
new demetallization agent. The synthesis of ZX began with the pretreatment of CFA. 
This process included separating the magnetic fraction and acid washing to remove 
impurities. Next, the treated CFA was transformed into ZX through an alkaline fusion-
hydrothermal method under different synthesis conditions. The synthesized ZX was 
characterized using a vibrating sample magnetometer (VSM), X-ray diffraction (XRD), 
X-ray fluorescence (XRF), scanning electron microscopy (SEM), N2 adsorption-
desorption isotherm, infrared spectroscopy (FTIR), and thermogravimetric analysis 
(TGA). Under optimal conditions, ZX derived from treated CFA efficiently eliminated 
Ni2+ and V5+ ions from aqueous solutions, achieving maximum adsorption capacities of 
41.55 mg/g for Ni2+ and 32.38 mg/g for V5+, respectively. However, the prepared zeolite 
exhibited a low affinity for metal porphyrins in the organic medium. The CHS/ZX 
composite was fabricated by immersing as-synthesized zeolite particles into the 
chitosan-gelling solution, and the matrix formulation was optimized via response 
surface methodology (RSM). The model's reliability in predicting the removal of metal 
porphyrins using the values of the established variables was excitedly validated with a 
reasonable accuracy error of 0.5%. The systematic characterization shows that 
synthesizing the CHS/ZX composite successfully combines the mesoporous structure 
with the functional groups of both ZX and CHS. The adsorption and desorption 
mechanisms of metal porphyrins by the CHS/ZX composite were investigated using a 
model solution containing vanadyl and nickel tetraphenyl porphyrin (VO-TPP and Ni-
TPP) in toluene. The efficacy of CHS/ZX compounds in removing metal porphyrins 
doubled compared to the removal rates achieved by the parent components individually. 
The impact of qualitative and quantitative variables on the recovery of metal porphyrins 
from saturated CHS/ZX composites was explored and studied. Under optimized 
conditions, 27.07 mg/g of the VO-TPP and 28.02 mg/g of the Ni-TPP adsorbed by the 
CHS/ZX composite were successfully recovered. The results indicate that CHS/ZX 
effectively removed 3.00 mg/g nickel and 7.68 mg/g vanadium from heavy Basrah 
crude oil, and 0.83 mg/g nickel and 5.54 mg/g vanadium from medium Basrah crude 
oil under optimal conditions. Overall, CHS/ZX composites show promising potential to 
be developed for crude oil demetallization, leading to improved refining processes in 
the petrochemical industry. 
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CHAPTER I  
 

 

INTRODUCTION 

1.1 RESEARCH BACKGROUND 

The increase in population and the continuous development of the global economy and 

industrialization have triggered a sharp growth in energy demand. Petroleum oil is the 

most used source of energy, and it is also the leading feedstock for various industries, 

including the manufacture of synthetic fibres, plastics, paints, fertilizers, insecticides, 

soaps, and synthetic rubber. Thus, the use of petroleum as a source of raw materials in 

manufacturing keeps the modern industry functioning. According to the organization of 

petroleum exporting countries, oil demand is expected to increase by 16.4 MB/D 

between 2015 and 2040, reaching 109.4 MB/D by 2040 (Tirado et al. 2023). As 

traditional light petroleum resources become scarce, there’s a growing interest in using 

low-quality heavy oils and residues, derived from processing heavy crudes, as 

alternative sources for transportation fuels, energy, and petrochemicals. This shift could 

help meet the demands of our rapidly expanding population and advancing civilization. 

Moreover, many statistical studies have showed that reservoirs of heavy crude are much 

larger than those of conventional crude, which made the appropriate deep upgrading of 

heavy crude, for both refining and petrochemicals, more interesting and is attracting 

more and more attention from scientists and engineers (Corma et al. 2017). Heavy oil 

and residues are viscous with low API gravity ranging from seven up to twenty and 

contain very complex molecules and many impurities such as asphaltenes, metals such 

as nickel and vanadium, sulfur, and nitrogen that pose numerous problems during their 

up-gradation processes into high value-added products such as light olefins (Tirado et 

al. 2023). 
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The primary strategies for upgrading heavy oil involve the removal of excess 

carbon (through carbonization, cracking, and deasphaltization) or the addition of 

hydrogen (hydrorefining). The selection of hydrorefining technologies for heavy 

hydrocarbon crude is largely based on the content of metals, especially vanadium (V) 

and nickel (Ni) (Yakubov et al. 2021). Metallic constituents can be found in different 

chemical structures, such as organic metal complexes, inorganic salts, metal soaps, and 

metals attached to asphaltenes. 

Organic metal complexes are mostly in the form of metal-porphyrins, that exist 

in native crude oil and mainly concentrate in heavy parts of petroleum. 

Metalloporphyrins in oils mainly consist of vanadium and nickel, which can associate 

with asphaltenes (Yakubov et al. 2021). The presence of these metals, even in a small 

percentage, is forming a significant concern and serious issue for both the oil industry 

and the environment. The effect of these metals is represented by the erosion of oil 

refinery equipment such as turbines, pumps, and distillation towers, poisoning the 

catalysts and reducing their efficiency via blocking the pores by accumulated carbon, 

rending the walls, and deformation of the reactors, as well as environmental pollution 

by this toxic and hazardous waste, disturbance of natural environmental balance, and 

other continuous problems (Groysman 2017; Tirado et al. 2023). The relative amount 

of metals (in all forms) to other major impurities present in crude is shown in Table 1.1. 

Table 1.1  Typical concentration of some impurities in different types of petroleum 
feedstock 

Petroleum type Impurity Concentration 

S (wt %) N (wt %) Ni, V (ppm) 

Extra light 0.02-0.2 0-0.01 <10 

Light 0.05-4 0.02-5 10-200 

Heavy 0.1-5 0.2-0.8 50-500 

Extra heavy 0.8-6 0.1-1.3 200-600 

Source: Jenifer et al. 2015 

A porphyrin is a symmetrical macrocyclic tetrapyrrole structure consisting of 

two di-pyrrolic units. Vanadium and nickel porphyrins are, in fact, the first biomarkers 

of petroleum (Tirado et al. 2023). The most common porphyrin compound is 
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metalloporphyrin, which is formed when a metal atom displaces two central hydrogen 

ions from the porphyrin ligand. Metals are strongly chelated or complexed in 

porphyrinic ligands that are completely stable and compatible with petroleum fractions, 

making metal removal from petroleum feedstocks extremely difficult (Chacon-Patino 

et al. 2021). The porphyrins are present in the most polar fractions of petroleum, 

asphaltenes, and resins (Jenifer et al. 2015). Owing to the detrimental effects of 

porphyrins on oil processing, it is strongly advisable to undertake the removal and 

identification of porphyrinic species, along with other nitrogen and sulfur contaminants, 

from their respective source oils (Saleh 2020). The qualitative and quantitative analyses 

of petroporphyrins become imperative for discerning oil properties and evaluating the 

potential impact on the refining process. 

Metal porphyrins play a crucial role in the aggregation processes of asphaltenes 

in petroleum oils (Figure 1.1). These porphyrins are central to enhancing the 

aggregation of asphaltene molecules, even in the absence of polar lateral chains. The 

porphyrins achieve this through strong hydrogen bonding facilitated by the central metal 

and oxygen atoms (Santos Silva et al. 2018). This interaction is pivotal to the stability 

and formation of asphaltene aggregates, overshadowing the weaker π-π stacking 

interactions that occur due to aromaticity (Silva et al. 2017). Metal porphyrins are, 

therefore, integral to the intermolecular forces that drive asphaltene aggregation, 

influencing the structure and behaviour of these complex petroleum components (Musin 

et al. 2020). UN
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Figure 1.1. Diagrammatic representation of metal porphyrins interaction with asphaltene 
molecules in petroleum oil 

Source: Zheng et al. 2020 

Meanwhile, the recovery of porphyrins offers the opportunity to leverage their 

optical and electronic properties in various applications, as documented by several 

studies (W. Hipps & Mazur 2017). Synthetic porphyrins and metal porphyrins find 

application in surface science-related fields, particularly in catalysis (Kuzmin et al. 

2020). Their photoelectronic properties make them valuable components for electronic 

devices like wires and diodes, contributing to advancements in energy transfer 

mechanisms (Milordov et al. 2021) establishes the feasibility of employing asphaltenes 

and resins, sourced from industrial vacuum oil residues, as precursors for extracting 

high-purity vanadyl porphyrins. The compositional integrity of the resultant vanadyl 

porphyrins is verified through MALDI-TOF and HPLC analyses. These compounds 

exhibit potential for catalytic roles across diverse chemical operations, presenting an 

eco-friendly alternative to conventional synthetic methodologies. 

The hydrotreatment process for metals removal (HDM) is the only process 

widely used in the industrial sector. This conventional technique can remove up to 90% 

of the metals content from the oil. Although the HDM process effectively removes a 
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large portion of the metals and, it suffers from several issues. Most importantly, these 

issues include fast catalyst deactivation, high hydrogen consumption, which reaches 

300-2000 Scf/bbl for light oil and 2000-10,000 Scf/bbl for heavy residual oil, an 

elevated temperature that ranges from 300 to 400°C for light distillate and from 340 to 

425°C for heavy residual, and elevated pressure, which ranges from 30 to130 

atmosphere (Attia et al. 2020). 

Several unconventional methods are available to overcome the difficulties in 

crude upgradation due to the presence of vanadium and nickel complexes. The 

unconventional methods are categorized as physical and chemical methods. Chemical 

methods for demetallization involve deliberate chemical reactions or interactions that 

modify the chemical structure or phase of metal compounds, facilitating their removal 

(Jumina et al. 2021). Techniques like acid treatments, electrochemical removal, and the 

utilization of phosphorus compounds fall under this category. While chemical methods 

may offer more thorough removal of metal contaminants, such approaches come with 

the risk of side reactions and potential contamination of the final product. The 

environmental impact of chemical methods is a critical consideration, as these 

techniques may generate hazardous waste, necessitating meticulous management of 

reagents and by-products to prevent further environmental issues (Yang et al. 2022). 

Despite the potential for robust removal efficiencies, chemical methods must be 

judiciously applied, considering both effectiveness and environmental considerations. 

In contrast, physical methods for demetallization are characterized by their 

reliance on non-chemical processes such as phase separation, extraction, or adsorption 

to extract metals from petroleum fractions. Employing techniques like solvent 

deasphalting (Speight 2016), ionic liquids (Chauhan & de Klerk 2020), core-shell 

materials (Geng et al. 2020), these methods capitalize on physical properties such as 

size, shape, and phase behavior for separation. The selectivity of physical methods is 

rooted in these inherent characteristics, aiming for precision in metal removal while 

minimally impacting the composition of crude oil. Notably, physical methods typically 

generate less hazardous waste, positioning them as more environmentally friendly 

alternatives in the demetallization process. Furthermore, these methods are 
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advantageous due to their cost-effectiveness, ease of operation, and potential for high 

removal efficiencies (Jenifer et al. 2015). 

The adsorptive demetallization process offers an innovative approach to 

removing vanadium and nickel compounds from crude oil, utilizing energy-efficient 

adsorption techniques that are operable under ambient conditions. This method does not 

depend on catalysts or hydrogen gas, instead leveraging cost-effective solid adsorbents 

(Hammadou née Mesdour et al. 2022). Although the use of adsorption as a sustainable 

alternative has not been extensively investigated, it presents significant benefits, 

including adsorbent regeneration and reuse without the necessity for further chemical 

interventions (Caetano et al. 2023b). In this regard, zeolite is known to possess desirable 

physical properties like high surface area, large pore volume and chemical properties 

with the potential for a tunable surface with various metals/functional groups for 

selective metal removal. 

Zeolites can be classified into two broad groups, namely, natural, and synthetic 

zeolites. Synthesizing zeolites offers advantages over natural zeolites due to the ability 

to control parameters, shorter production times, and superior adsorption properties. 

Despite associated costs, a focus on using low-cost or waste materials for synthesis, 

particularly fly ash from coal combustion, has gained attention. Fly ash, often 

considered hazardous, contributes to environmental pollution and toxicity. Leaching 

tests reveal the mobility of toxic elements from fly ash. Converting fly ash to zeolites 

proves effective in reducing heavy metal mobility, demonstrating both environmental 

and economic benefits. This approach, while alleviating environmental concerns, aligns 

with economic viability, providing a sustainable solution for waste management and 

zeolite synthesis (Szerement et al. 2021). 

In the last twenty years, the use of zeolite-based composites in the forms of 

zeolite/inorganic and zeolite/polymer composites has been accelerated for multiple 

applications. Zeolite-based composites exhibited several advantages, such as high 

adsorption capability, high selectivity, better reusability, and fast adsorption compared 

to raw zeolites for the adsorption of adsorbates. The higher adsorption capability of 

zeolite-based composites for the adsorption of targeted matters from the studied 
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medium is caused by the various adsorption mechanisms such as hydrogen bonding, π-

π interactions, ion-exchange, electrostatic interactions, van der Walls forces, chelation, 

and hydrophobic interactions (Rad & Anbia 2021). 

Chitosan is among the most widely used natural polymers and is an economical, 

renewable, and abundant polysaccharide having unique molecular characteristics. 

Chitosan is derived by deacetylation of chitin, a natural polysaccharide existing in 

insects’ exoskeleton, outer shells of crustaceans, and some fungi cell walls. Chitosan 

being a versatile bio-product and has been used for multiple applications in the 

petroleum industry, such as oil exploration, transportation, refining; and in petroleum 

products, along with the treatment of oil sludge and refinery wastewater; a frame 

diagram is shown in Figure 1.2. 

 

Figure 1.2 Different applications of chitosan in petroleum industry 

Source: Negi et al. 2021 

However, chitosan suffers from low mechanical strength and thermal resistance, 

weak stability and acid solubility, low surface area, and low total pore volume. 

Therefore, chitosan is modified to improve its properties and mitigate its disadvantages 

by organic-inorganic recombination and chemical cross-linking with high mechanical 

strength materials, such as zeolites (Ababneh & Hameed 2023; Sodha et al. 2022). 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



8 

 

Chitosan/zeolite, as a biocompatible mesoporous material, possesses narrow 

pore size distributions and high surface areas that exhibit the appropriate 

biocompatibility and low toxicity. Environmental concerns have grown in recent years 

and industries endeavor to utilize bio-based and bio-compatible materials. 

Zeolite/chitosan composite can be attractive as a natural, cost-effective, and properties-

controlled material. The tunable structure of zeolite/chitosan (zeolite pores diameter and 

around ions) enhances its usage in various applications such as adsorption, catalyst and 

biomedical. Moreover, zeolite composites can be utilized as polymerization substrates 

of conductive polymers, which yield unusual conductivity and can make frameworks in 

supercapacitors. The zeolite/chitosan properties, such composite can be used in various 

applications with desired and tunable properties. For instance, adding modified 

nanoparticles like zeolite and different polymers to the matrix of various substrates 

could improve their antifouling and abilities to selective filtration/adsorption. The 

physical and chemical characteristics of various zeolites can be carefully modified to 

select specific molecules for separation technology uses (Mahmodi et al. 2020). 

1.2 PROBLEM STATEMENT 

Crude oil is a complex mixture of hydrocarbons and impurities, including trace metals 

such as vanadium (V) and nickel (Ni). These metals, present in porphyrin forms, pose 

significant challenges to refining processes. Vanadium and nickel impurities deactivate 

desulphurization and cracking catalysts, leading to increased operational costs and 

equipment corrosion (Chacón-Patiño et al. 2022). The presence of vanadium 

compounds, in particular, can lead to the formation of toxic vanadium pentoxide during 

combustion, raising serious environmental and health concerns (Valencia 2023). These 

issues are exacerbated by the declining reserves of conventional light oils, which are 

being replaced by heavier feedstocks with higher concentrations of these metals. 

Therefore, the selective removal of these metal contaminants from crude oil is highly 

desirable. 

Traditional methods for removing metallic impurities, such as solvent 

extraction, metal chelation, supercritical extraction, and hydrodemetallization, each 

have significant limitations. Solvent extraction is ineffective for crude oils with high 
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resin-asphaltene content, metal chelation can alter oil properties, supercritical extraction 

is economically unfeasible due to high temperature and pressure requirements, and 

hydrodemetallization consumes substantial energy and hydrogen, leading to catalyst 

fouling and high costs. Recent unconventional methods, such as oxidative, biological, 

electrolytic, ultrasonic, and photo-demetallation, have also proven inadequate due to 

undesirable alterations in the physicochemical properties of crude oil (Jumina et al. 

2021). 

Porphyrins are valuable in surface science and photodynamics; however, their 

industrial utilization is hindered by the high cost and complexity of synthetic 

preparation. Petroleum-derived porphyrins present a viable and cost-effective 

alternative to synthetic porphyrins (Yakubov et al. 2021). Given that most current 

methods rely on destroying porphyrin structures to demetallize crude oil (Nguyen et al. 

2022), there is a critical need for a non-destructive approach that preserves these 

valuable complexes. Adsorption methods are particularly promising as they enable the 

recovery of porphyrins while maintaining their structural integrity. 

Previous adsorbents for demetallization of crude oil have encountered 

significant limitations that reduce their effectiveness. The adsorbents have suffered 

from low porosity or rigid structures that limit the accessibility and movement of target 

molecules, thereby hindering metal removal efficiency (Jenifer et al. 2015). 

Additionally, the inability to regenerate certain adsorbents, along with issues like rapid 

deactivation, low mechanical strength, and poor diffusion, has further diminished their 

practicality (Iuzmukhametova et al. 2023). In some cases, adsorbents have interacted 

negatively with components in crude oil, creating interference that affects their 

performance (Caetano et al. 2023b). These limitations have highlighted the need for 

alternative adsorbents that can offer higher efficiency, better regeneration capabilities, 

and minimal interference with crude oil components. Furthermore, such adsorbents 

must be cost-effective and environmentally friendly to ensure practical application in 

large-scale refining processes and to minimize the environmental impact of 

demetallization efforts. 
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To address these challenges, this study focuses on developing a novel 

demetallization agent: a chitosan-modified zeolite X composite (CHS/ZX). This 

research aims to overcome the significant limitations observed with traditional 

adsorbents by optimizing the synthesis parameters using response surface methodology 

(RSM) and evaluating the composite’s adsorption capacity under conditions simulating 

real crude oil environments. Additionally, this study explores recovery methods for 

metal porphyrins and introduces an innovative approach using proton-donating alcohol 

to enhance metal removal efficiency in crude oil samples. This comprehensive approach 

aims to provide an effective, non-destructive, cost-efficient, and eco-friendly solution 

for the removal of heavy metals from crude oil, contributing to more sustainable 

refining processes and the recovery of valuable porphyrins. 

1.3 RESEARCH OBJECTIVES 

This study embarks on the following objectives: 

1. To synthesize and characterize high-purity zeolite X from Malaysian fly ash 

using the alkaline fusion-assisted hydrothermal process. 

2. To evaluate the effectiveness of the synthesized zeolite in removing vanadium 

and nickel ions from aqueous solutions. 

3. To synthesize and characterize the chitosan-modified zeolite X composite for 

efficiently removing vanadyl and nickel porphyrins from model solutions in toluene. 

4. To study the performance of the synthesized CHS/ZX composite for the 

demetallization of real crude oil samples. 

1.4 RESEARCH SCOPE 

This work consists of several parts of the studies that have been focused on. The first 

part of the study encompasses the innovative synthesis and detailed characterization of 

high-purity, single-phase Zeolite-X from treated fly ash (TCFA) aimed at the efficient 

removal of nickel (Ni) and vanadium (V) ions from aqueous solutions.  

Initially, the study delves into the pretreatment process of raw coal fly ash 

(RCFA), which includes magnetic fraction separation and acid washing to prepare the 
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ash for zeolite synthesis. The core of the research is focused on synthesizing zeolite-X 

via a fusion step followed by hydrothermal treatment, optimizing conditions to achieve 

a zeolite product of high crystallinity and purity. The characterization of the synthesized 

zeolite-X involves a comprehensive suite of analyses, including magnetic susceptibility 

via the vibrating sample magnetometer (VSM) test, chemical composition adjustments, 

particularly in undesirable oxides content through X-ray fluorescence (XRF), and 

crystallinity and phase purity assessments using X-Ray Diffraction (XRD) and scanning 

electron microscopy (SEM). Additionally, the study explores the surface and pore 

characteristics through Brunauer-Emmett-Teller (BET) analysis, functional groups via 

Fourier transform infrared spectroscopy (FTIR), and thermal stability through 

thermogravimetric Analysis (TGA). A significant part of the scope is dedicated to 

understanding the adsorption kinetics and isotherms for Ni and V ions on the 

synthesized zeolite, employing kinetic models and adsorption isotherms to elucidate the 

process. 

The second part of the work is dedicated to the comprehensive exploration of 

the development, optimization, and thorough assessment of a novel composite material 

composed of chitosan and synthetic zeolite X, derived from coal fly ash (CH/ZX), 

investigating its utility as a demetallization agent targeting vanadyl and nickel 

porphyrins. The research trajectory includes fabricating the CH/ZX composite by 

integrating synthesized zeolite particles with a chitosan-gelling solution, meticulously 

optimizing this matrix through response surface methodology (RSM) to amplify metal 

porphyrin removal efficiency. The validity of a predictive model, designed to estimate 

metal porphyrin removal efficiency with a minimal error margin, is rigorously tested to 

ensure reliability. The synthesized composite was systematically characterized using X-

ray photoelectron spectroscopy (XPS), SEM, BET, XRD, FTIR, TGA, and CHN 

analyses. 

The study delves into the adsorption and desorption mechanisms of vanadyl and 

nickel tetraphenyl porphyrin (VO-TPP and Ni-TPP) in toluene, highlighting the 

superior removal capacity of the CH/ZX composite over its individual constituents. It 

further investigates the impact of various parameters including temperature, initial 

concentration of metal porphyrins, and composite dosage on the adsorption capacity to 
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delineate optimal process conditions. Kinetic analysis reveals that the adsorption 

behavior is best described by the pseudo-second-order model, with initial rapid 

adsorption stages underscoring the dominance of physisorption forces. A comparison 

of the affinity of vanadyl- and nickel-porphyrins towards the composite and the 

application of the Freundlich isotherm model suggests a multilayer adsorption 

mechanism on a heterogeneous surface. The study also characterizes the 

thermodynamic aspects of the adsorption processes, identifying them as exothermic and 

spontaneous, with a detailed comparison of metal-porphyrin affinities. 

The next part of the work includes examining factors influencing desorption 

efficiency, such as solvent selection, temperature variations, mass loading, and the 

volume of eluent, to shed light on the optimization of desorption efficiency. 

Additionally, the study evaluates the composite's reusability and the effectiveness of 

metal-porphyrin recovery across multiple cycles. 

Finally, this study embarks on investigating a groundbreaking demetallization 

process tailored for Basrah crude oils, leveraging a unique methodology that combines 

the dissociation of petroporphyrins from asphaltene with an adsorptive reaction to 

effectively remove metal porphyrins, specifically vanadyl, and nickel porphyrin. 

Central to this investigation is the comparative analysis of the demetallization efficacy 

on vanadyl and nickel tetraphenyl porphyrin dissolved in toluene versus actual Basrah 

crude oil samples, aiming to delineate the process's capability in targeting "free"-type 

metal porphyrins against the more asphaltenic molecule-associated "bound"-type metal 

porphyrins. 

To address the challenge of bound-type metal porphyrins, the study innovates 

by introducing a hydrogen-donating polar solvent, 1-hexanol, into the crude oil to 

weaken the asphaltenic bonds, subsequently removing the solvent through evaporation 

to facilitate the crude oil's treatment with the CHS/ZX composite under varied operating 

conditions. This approach not only underscores the effectiveness of the CHS/ZX 

composite in removing vanadium and nickel from the pre-treated crude oil but also 

emphasizes optimizing these conditions to enhance metal recovery, showcasing 

significant removal efficiencies from both heavy and medium Basrah crude oils. 
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Moreover, this study extends beyond mere demetallization to conceptualize the process 

as an energy-saving, safe, and environmentally friendly solution, particularly 

highlighting the recovery and reuse of 1-hexanol to underscore the process's energy 

efficiency. 

Figure 1.3 provides an overview of the research scope addressed in this study, 

which will be detailed in the upcoming chapters. 
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Figure 1.3 Flowchart of the comprehensive research scope 

1.5 SIGNIFICANCE OF THE STUDY 

The increasing demand for energy, coupled with the depletion of conventional light 

crude oil reserves, has necessitated a shift towards the use of heavier crude oil 

feedstocks. However, these feedstocks pose problems in terms of the presence of 
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impurities such as vanadium (V) and nickel (Ni), which give rise to significant problems 

during refining, such as catalyst deactivation, equipment corrosion, and environmental 

pollution. Traditional demetallization methods are limited by the following factors: high 

operating costs, high energy consumption, and negative environmental impacts. In the 

face of these challenges, the current study introduces a new adsorbent material, 

especially a chitosan-modified zeolite X composite (CHS/ZX), prepared from 

Malaysian fly ash. This is an innovative, eco-friendly solution that uses waste materials 

to come up with an environmentally friendly approach for crude oil purification. 

The main reason this research is imperative because of its non-destructive 

method for demetallization; it preserves the precious porphyrins and effectively 

eliminates metal contaminants. Moreover, with the use of more advanced 

methodologies, the synthesis and efficacy of the CHS/ZX composite are improved, 

hence assuring it is scalable and cost-effective. By obviating the high temperatures and 

pressures usually required in conventional processes, this study presents a solution that 

is both energy-efficient and environmentally sustainable to a persistent industrial 

problem. More than that, the dual functionality of this composite in the removal of metal 

impurities and porphyrin recovery provides great transformative potential for 

sustainable refining methodologies and sophisticated industrial applications. As such, 

this study embodies a landmark in the field of heavy oil demetallization that echoes 

worldwide initiatives toward cleaner and more sustainable energy sources. 
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CHAPTER II  
 

 

LITERATURE REVIEW 

2.1 METALLIC CONSTITUENTS OF CRUDE OILS 

Crude oil, a complex assemblage of hydrocarbons with varying molecular weights and 

other organic substances, originates from ancient plant and animal matter. This yellow-

to-black liquid, located in geological formations below the earth's surface, is typically 

divided into its components through fractional distillation to produce various fuels. The 

term petroleum encompasses both naturally occurring unrefined crude oil and the 

refined products derived from it. As a fossil fuel, crude oil is produced when substantial 

amounts of deceased organisms, primarily zooplankton and algae, are buried under 

sedimentary rock and exposed to extreme heat and pressure (Fanchi & Fanchi 2016). 

Crude oil components can be divided into multiple compounds and subdivisions 

based on the composition of the crude oil. Normally, crude oil will contain a percentage 

of dissolved gases, liquids, and solids. The liquids can be further divided into saturates, 

aromatics, and resins. Different types of solids may also exist in crude oil; however, the 

most prominent is solid asphaltene (Fakher et al. 2020). 

Carbon and hydrogen are the primary constituents of crude oils, constituting 

approximately 82-87% and 12-15%, respectively. Sulfur is the next most prevalent 

element, with concentrations ranging from 0.05% to over 5%. Oxygen and nitrogen 

follow as the fourth and fifth most common elements in crude oil. Typically, oxygen 

content is below 2%, while nitrogen content is less than 0.1%. Other elements, including 

vanadium, nickel, calcium, potassium, iron, copper, zinc, boron, arsenic, selenium, 

silicon, and phosphorus, are present at trace levels (0.01-0.1%) or ultra-trace levels (less 

than 0.01%) (Tirado et al. 2023). The most common inorganic metals found in oil are 

in the form of water-dissolved salt ions such as Mg, Na, and Ca (Zhang et al. 2022b). 
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Normally, the desalter removes water-soluble inorganic salts, such as sodium or 

potassium chlorides (Mitra et al. 2022). 

Nickel (II) and vanadyl (VO) (II) compounds, both porphyrins and non-

porphyrins, are the most common metals found in crude oils. Chlorophylls, known for 

their widespread distribution and high concentration, are the primary precursors of 

porphyrins (Jumina et al. 2021). Porphyrins are categorized into two groups: those 

derived from the chlorophylls of marine algae and phytoplankton and those originating 

from terrestrial plant chlorophylls. The transformation of chlorophylls into porphyrins 

involves a series of reactions in the water column and during sediment burial. Filby 

determined that metalloporphyrins form during the early stages of diagenesis and 

catagenesis in source rocks (Tahoun et al. 2021). 

Isolating metalloporphyrins is challenging due to their complex mixtures, but 

advanced spectroscopic and chromatographic techniques have facilitated their 

separation and identification (Aghahuseynova 2020). Vanadium and nickel porphyrins 

were discovered first, while organic forms of other metals were later identified using 

gas chromatography (GC) or high-performance liquid chromatography (HPLC) 

coupled with inductively coupled plasma-mass spectrometry (ICP-MS) or atomic 

absorption spectrometry (AAS) (McKenna et al. 2021). 

Ultraviolet-visible (UV–vis) spectroscopy is frequently employed for 

identifying and quantifying porphyrins due to its high intensity and sensitivity towards 

both porphyrins and metal-free porphyrins. Some vanadium and nickel compounds 

exhibit strong optical absorption in the soret band around 400 nm. However, the 

intricate nature of hydrocarbon mixtures makes it challenging to characterize vanadium 

and nickel compounds present in low concentrations, likely due to complex formation 

or chemical modifications of the porphyrin ring. Consequently, non-porphyrins are 

characterized by the lack of distinct UV–vis spectroscopic bands. These might include 

atypical porphyrin or pseudo-aromatic tetradentate ligand systems, yet no non-

porphyrins have been structurally identified in heavy petroleum. Isolating porphyrins 

from crude oils can minimize or eliminate interferences from other petroleum 
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compounds, thus enabling molecular characterization through ultrahigh mass resolution 

mass spectrometry (Banda-Cruz et al. 2021). 

Mass spectrometry is an invaluable method for analyzing porphyrins, offering 

precise data on their molecular weights and elemental compositions. Through this 

technique, several porphyrin series have been identified in fossil fuels, all featuring the 

core structure N4VO. In petroleum, the most frequently found porphyrins are etio 

(ETIO) and deoxophylloerythroetio (DPEP), which possess double bond equivalence 

(DBE) values of 17 and 18, respectively. Other petroporphyrins include dicyclic-

deoxophylloerythroetio (Di-DPEP), rhodo-etio (rhodo-ETIO), rhodo-

deoxophylloerythroetio (rhodo-DPEP), and rhodo-dicyclic-deoxophylloerythroetio 

(rhodo-Di-DPEP) (McKenna et al. 2021). The structures of these compounds are shown 

in Figure 2.1. 

 

Figure 2.1 Common porphyrins in heavy petroleum 

Source: McKenna et al. 2021 
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The concentrations of these geoporphyrins are highly variable, ranging from few 

ppm to 104 ppm (1%), which is sufficient to interfere with catalytic oil refining, because 

of the metals contained in the porphyrin complexes (Fan et al. 2020). These metal 

compounds can significantly hinder upgrading processes and frequently cause major 

issues in catalytic cracking and hydrodesulfurization units. Common problems include 

pore blocking, fouling of active sites, and alterations in catalyst selectivity 

(Ghassabzadeh et al. 2020). These issues can be mitigated by removing these 

troublesome compounds prior to further upgrading. Thus, gaining a thorouare 

understanding of their quantities, distributions, physicochemical properties, and 

chemical environments is crucial for developing effective catalytic processes and 

demetallization techniques. 

Vanadium and nickel compounds are primarily located in the highly aromatic, 

polar resin and asphaltene fractions (Figure 1.1). These compounds tend to aggregate 

and associate significantly within these fractions, making the removal of metal 

compounds particularly challenging. As noted earlier, metals in petroleum can be found 

both as organometallic complexes (porphyrinic) and as high molecular weight 

complexes (non-porphyrinic) associated with asphaltenic components. Understanding 

the distribution of these metals is essential for their effective removal and 

demetallization (Fan et al. 2020). 

2.2 THE SIGNIFICANCE OF THE FLUID CATALYTIC CRACKING (FCC) 
PROCESS IN PETROLEUM REFINERIES 

The fluid catalytic cracking unit (FCCU) represents the heart of the refinery (Yadav et 

al. 2022); it serves as the central hub for converting low-quality, heavy hydrocarbon 

molecules into more valuable, lighter compounds. These refined products play a crucial 

role in the composition of transportation fuels, including gasoline, jet fuel, and diesel. 

Since its initial industrial implementation in 1942, fluid catalytic cracking (FCC) 

technology has propelled the FCCU to become a fundamental element in contemporary 

petroleum refining processes (Oloruntoba et al. 2022). 

There are various FCC designs currently available in the market, but typically, 

an FCC unit comprises three main sections: the reactor, the distillation/separation 
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section, and the catalyst regenerator, as depicted in Figure 2.2. A crucial component of 

the FCC unit is the reactor-regenerator system, where heavy crude oil is converted into 

valuable products such as gasoline, diesel, and liquefied petroleum gas. The reactor 

itself is divided into two parts: the riser and the stripper. When the feedstock encounters 

the heated, regenerated catalyst at the base of the riser, it vaporizes. The vaporized 

hydrocarbons then break down into smaller molecules on the surface of the catalyst 

within the riser (Tasneem et al. 2024). 

 

Figure 2.2 Schematic diagram of a Fluid Catalytic Cracking unit 

Source: Tasneem et al. 2024 

The FCC operation consists of five key processes: feed pretreatment, 

conversion, heat and pressure recovery, effluent separation, and product treatment 

(Sadeghbeigi 2020). The feedstocks, typically high-boiling-point petroleum fractions 

known as high-vacuum gas oil (HVGO) from the crude vacuum distillation unit, are 

first preheated to a temperature range of 149–400°C. These preheated feedstocks are 

then introduced into the riser inlet, where they come into contact with a stream of hot, 

regenerated catalyst from the regenerator. As the oil feed ascends the riser in a fluidized 

state, it cracks into smaller molecules before entering the reactor vessel. Here, the 

resulting effluent vapor is separated from the spent catalyst (Oloruntoba et al. 2022). 
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The cracked effluent vapor exits through the reactor's top outlet and is directed 

to the main fractionation unit for further processing and recovery of valuable products. 

Meanwhile, any remaining slurry is recycled back to the riser-reactor unit. During the 

cracking process in the reactor, a carbon-rich substance known as coke gradually 

deposits on the catalyst, which leads to a loss of catalytic activity. To restore the 

catalyst’s effectiveness, the coked catalyst is removed from the bottom of the reactor 

and transferred by gravity to the regenerator. In the regenerator, the coke is burned off 

in a fluidized state through the injection of heat and air. Once cleaned, the regenerated 

catalyst is redirected back to the reactor section to continue the process loop 

(Oloruntoba et al. 2022). 

Globally, more than 400 FCC/RFCC units are in operation, with a combined 

estimated capacity of 20 million barrels daily. These units are predominantly located in 

the United States, China, Japan, and Brazil, with new facilities under construction in 

some developing countries (Sadeghbeigi 2020). The FCC unit plays several significant 

roles that are crucial to the efficiency and profitability of oil refineries. 

One of the primary roles of the FCC unit is processing extremely heavy crude 

oil fractions. As access to easily processed feeds diminishes, the FCCU has become 

vital for handling diverse feedstocks to maximize refinery profitability. These 

feedstocks include vacuum gas oil residues, vacuum distillates, vacuum distillation 

tower bottoms, atmospheric distillation tower residues, and more (OA et al. 2019). 

However, processing poor-quality feedstocks in the reactor unit can result in high coke 

formation rates and metal poisoning (Oloruntoba et al. 2022). 

Another critical function of the FCCU is the production of high-quality gasoline. 

Currently, the FCCU serves as the major gasoline production hub, contributing to nearly 

45% of global output. In addition to gasoline production, the FCCU is highly adaptable 

to the production of light olefins for the petrochemical industry. As the second-largest 

source of olefins, following the naphtha steam cracker, the FCCU accounts for 48% of 

the world’s olefins production (Oloruntoba et al. 2022). 
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The FCCU also plays a significant role in supplying high-quality steam to 

various process units and for power generation. The combustion of coke in the 

regenerator generates substantial heat, producing a considerable amount of steam used 

in other refinery processes (Hsu & Robinson 2019a). Furthermore, the FCCU is known 

for its large throughput, short turnaround (TAR) times, and extended operational 

periods between shutdowns. In many refineries worldwide, the FCCU has the second-

largest throughput, following the distillation unit. 

Lastly, the FCCU has adapted to processing new feedstocks, including co-

processing biomass-derived oils with conventional crude oil fractions. There is a 

strategic effort to utilize biomass-based feedstocks within existing FCC infrastructure 

under nominal operating conditions. This adaptation promotes biofuel production, 

fulfills renewable fuel obligations, and helps reduce emissions from the unit (Hsu & 

Robinson 2019b). The versatility and critical roles of the FCCU underscore its 

importance in modern petroleum refining. 

2.3 IMPLICATIONS OF CRUDE OIL'S NICKEL AND VANADIUM CONTENT 

The presence of Ni and V metals is undesirable, mainly because they cause poisoning 

and deactivation of the catalysts used in the refining process (Adanenche et al. 2023; 

Xie et al. 2023). Indeed, metal contaminants in fluid catalytic cracking (FCC) feeds are 

potentially more harmful than sulfur, which can be converted to gaseous forms and 

readily handled, whereas non-volatile metal contaminants tend to accumulate in the unit 

during cracking and eventually get deposited on the catalyst, together with coke (Jurado 

& Ancheyta 2022; Zhang et al. 2020a). 

Metals are deposited on the catalyst, reducing its surface area by blocking pores 

and making it inactive (Bai et al. 2019b). These metals promote dehydrogenation 

reactions during cracking, increasing coke and dry gas production while decreasing 

gasoline output. For these reasons, heavy metals in crude oil shorten the catalyst 

lifespan in the hydrotreatment process. Additionally, high metal content in crude oil 

raises production costs by increasing the hydrogen needed and causing yield loss due 

to carbon rejection (Nazarova et al. 2020). 
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The catalyst used in the hydrotreatment process involves impregnating alumina 

with molybdenum and either cobalt or nickel precursors. The active phase of the catalyst 

was believed to be the Co/NiMoS phase, consisting of small, layered crystals. The edges 

and rim of these crystals are considered highly active for catalytic reactions because of 

the coordinative unsaturated sites (CUS) or sulfur anion vacancies. These sites, which 

are located at the edges of the slabs, can adsorb molecules with unpaired electrons and 

are crucial for catalytic reactions. The concentration of vacancies is influenced by the 

hydroprocessing conditions. However, strongly adsorbed species, such as metal 

deposits, nitrogen compounds, or coke molecules, can poison these active sites, leading 

to a loss of catalytic activity. This deactivation can occur even if only a fraction of the 

active sites is poisoned, emphasizing the sensitivity of the catalyst to contaminants and 

the potential impact on the overall catalytic process (Rana et al. 2021). 

Additionally, there is a concern about the potential contamination of the 

environment because metals are released into the environment through combustion 

from fuels. Vanadium, in the form of vanadium oxide, is a severe irritant that reacts 

with mucous present in the human body. Nickel, in the form of nickel carbonyl, is 

carcinogenic (Valencia 2023). Furthermore, inorganic vanadium compounds produced 

during the processing facilitate intense ash fouling and high-temperature surface 

corrosion of equipment, reduction in the service life of turbo-jet and diesel engines and 

utility boilers, and gas corrosion of active elements of gas-turbine engines (Magomedov 

et al. 2017). 

2.4 REMOVAL OF VANADIUM AND NICKEL VIA CONVENTIONAL 
DEMETALLIZATION TECHNOLOGIES 

Vanadium and nickel compounds in heavy crude oil are found in organic forms, making 

them hard to remove during electric desalting. These compounds significantly impact 

upgrading processes like catalytic cracking and hydrogenation, primarily through 

catalyst poisoning. In catalytic cracking units, these metals affect the catalyst's activity 

and selectivity. Since the inception of the petroleum industry, various demetallization 

and upgrading technologies have been developed, including physical and chemical 

methods, coking, and catalytic hydroprocessing (Attia 2019). 
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Solvent de-asphalting (SOD) processes are commonly used in the refining 

industry to remove metals from heavy oil residues. These processes involve the 

extraction of paraffinic and naphthenic components using light alkanes, which causes 

the precipitation of high-molecular-mass asphaltenic and resinous compounds 

containing heavy metals and heteroatoms. The choice of solvent affects the yield and 

quality of the extract as well as the degree of demetallization (Sun & Meng 2020). 

Supercritical fluid extraction shows promise as a solvent extraction method, as it offers 

precise control over solubility and selectivity. The investigation conducted by 

Magomedov et al. (2020) scrutinized the solvent deasphalting of vacuum residue 

utilizing a carbon dioxide-toluene mixture. This study aimed to evaluate the influence 

of various process parameters and the composition of the mixture on both the yield and 

the composition of the deasphalted oil (DAO) produced. The findings indicated that the 

proposed mixture could achieve high-quality DAO when maintained in a single-phase 

liquid state. Specifically, the removal efficiencies for metals and Conradson carbon 

residue exceeded 90 wt.% and 80 wt.%, respectively. 

Being an environmentally benign solvent with superb solubility and diffusivity 

for organics, supercritical water (SCW; Tc = 647 K and Pc = 22.1 MPa) has received 

widespread attention in the field of oil processing since the 1990s (Wang et al. 2017). 

Tang et al. (2020) investigated the demetallization of Tsingtao vacuum residuum (VR) 

and Tahe atmospheric residuum (AR), both containing over 300 ppm of vanadium and 

nickel, through pyrolysis in a supercritical water (SCW) environment. The results 

demonstrated that a metal removal rate exceeding 90% could be achieved within 2 h, 

which is significantly faster compared to pyrolysis conducted in a nitrogen 

environment. 

Despite the high efficiency of solvent deasphalting (SDA) in reducing heavy 

metal content from various crude oil fractions, conventional SDA technologies incur 

significant operating costs primarily due to solvent regeneration from the deasphalting 

solution. Advanced SDA technologies employ supercritical conditions to heat the 

solvent, facilitating the release of deasphalted oil. This method allows for the direct 

recovery of most of the solvent, with only minor quantities associated with the product 

fractions requiring recovery through conventional stripping and condensation processes 
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(Magomedov et al. 2017). Furthermore, diluting with light solvents has been proven to 

be economically unreasonable. Although solvent deasphalting may yield deasphalted 

oil suitable for transportation, it produces a large amount of hard asphalt that is difficult 

to use (Wang et al. 2021b). 

Distillation, a foundational method in crude oil refining, involves heating 

petroleum heavy oil to separate its components based on their boiling points. This 

process utilizes a fractional distillation column to recover various fractions. After 

distillation, a hydrotreatment process was employed to extract metalloporphyrins using 

a low-activity catalyst (Solouki et al. 2022). Although distillation offers advantages 

such as separation of adjacent boiling point compounds, it has limitations. This 

technique lacks selective removal of metals, resulting in decreased oil yield, and it 

transfers metals into heavy fractions, making it ineffective for metal removal as a 

standalone process (Sarkar et al. 2023). 

Thermal cracking is a process that heats feedstock to high temperatures to 

produce lower molecular weight products. In addition to breaking down feedstock 

components, this process also involves polymerization and condensation, leading to the 

formation of polycyclic and polyaromatic compounds, and ultimately, coke. Thermal 

processes can be divided into release cracking and coking, depending on the conditions. 

Since the 1960s, visbreaking and coking have been widely adopted. Typically, thermal 

cracking operates at temperatures between 455 and 540°C and pressures ranging from 

6.8 to 68.0 atm (Sviridenko et al. 2022). 

Wang et al. (2021b) performed a thorough investigation into the cracking of 

Canadian oil sands bitumen (OSB) and Tahe atmospheric residue (AR). These 

substances are known for their high metal and asphaltene content. The aim of the study 

was to gain a better understanding of how to utilize ultra-inferior heavy oil. Canadian 

OSB contains a total nickel and vanadium content of 1300 ppm, which leads to 

significant aggregation of asphaltenes. With its significant asphaltene content of 19.3 

wt.% and extensive asphaltene aggregation, Canadian OSB experiences rapid 

condensation during cracking, given its initial boiling point (IBP) of 500°C. Through 

adjustments to the cutting strategy, group composition, and metal distribution, it is 
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possible to modify the Canadian OSB. The cracking of Canadian OSB with an IBP of 

350°C resulted in a significant reduction in viscosity, surpassing 99%. This reduction 

is similar to the cracking of Tahe AR, which contains 15.4 wt.% asphaltene and has a 

total metal content of 300 ppm. 

Although the process contributes to the reduction of residual oil production from 

crude oil distillation, it is not without significant drawbacks. High energy losses, low 

conversion efficiency, and the formation of coke, olefins, and asphaltenes within the 

visbreaker are notable disadvantages. These issues result in the production of tar and 

other less recyclable residues, thereby diminishing the overall effectiveness and 

sustainability of the process (Magomedov et al. 2015).  

Catalytic hydrotreating (HDT) is one of the most widely utilized processes for 

the elimination of impurities in heavy oil fractions. This process involves the 

hydrogenation and cleavage of C-C bonds in hydrocarbons using hydrogen gas and a 

catalyst, thereby converting them into compounds of lower molecular weight. Despite 

the characterization of HDT as a mature technology with limited areas for further 

investigation, the increasing availability of heavy oils and the imperative to upgrade 

these resources have driven ongoing research into the conversion of heavy 

hydrocarbons. Fixed-bed reactors are the most commonly used for HDT because of the 

advantages that they present over other types of reactors (Rodríguez et al. 2018). 

Kohli et al. (2016) examined the extent of catalyst deactivation in hydrotreating 

by utilizing four different feedstocks. Their study demonstrated that deactivation by 

metals in the resin and asphaltene components of heavy crude oil and residues differs 

significantly. The results concluded that metals could deactivate catalysts used in 

hydroprocessing reactions, with the impact depending not only on their concentration 

but also on their nature. Metals in the resin component may have a negligible effect on 

deactivation, unlike those in the asphaltene component. Nickel compounds deactivated 

hydrodesulfurization (HDS) sites to a lesser extent than vanadium compounds. 

Additionally, heavy crude with high wax content suggests that long paraffinic or 

naphthene/aromatic chains contribute to coke formation, which covers HDS active sites 
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without solid coke precipitation. In contrast, solid coke forms in feedstocks with high 

asphaltene content. 

Nevertheless, one major drawback of heavy oil hydroprocessing is the inevitable 

catalyst deactivation caused by the buildup of metals and coke. This issue becomes even 

more pronounced with extended operation and increased reaction intensity. 

Carbonation occurs quickly in the initial stages of the deactivation process, while metals 

accumulate as the treatment process continues. On the other hand, during hydrotreating 

reactions at elevated temperatures, asphaltene molecules transform into coke. 

Consequently, as observed in previous studies, both coke and metals gradually deposit 

on the catalyst over time (Rodríguez et al. 2018). 

2.5 REMOVAL OF VANADIUM AND NICKEL VIA UNCONVENTIONAL 
DEMETALLIZATION TECHNOLOGIES 

Given the drawbacks of the traditional methods mentioned above, it has become 

necessary to search for alternative approaches to overcome the difficulties associated 

with these methods. Numerous studies have been conducted in scientific publications 

regarding removing metals from heavy petroleum oil. Two prominent research groups 

in this field focus on different aspects. The first group is dedicated to creating a new 

and innovative technique for the extraction process, while the other group aims to 

enhance the comprehension of the removal mechanism. Many researchers in these 

groups have conducted studies using different model compounds rather than complex 

heavy oils. This approach allows for a clearer understanding of the mechanism in an 

ideal setting and avoids the complications of heavy crude oil composition (Attia 2019). 

Table 2.1 lists the most commonly used model compounds in previous studies. 

Table 2.1 Different model compounds used in the demetallization process 

Model compound 

Nickel protoporphyrin disodium (Ni-PPDS) 

Vanadyle tetraphenyl porphyrin (VO-TPP) 

Vanadyl octaethyl porphyrin (VO-EP) 

Nickel tetra-(3-methylphenyl) porphyrin (Ni-T3MP) 

to be continued… 
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…continuation 

Nickel tetraphenyl porphyrin (Ni-TPP) 

Vanadyl oxide octaethyl porphyrin (VO-OEP) 

Nickel etio porphyrin (Ni-EP) 

Nickel octaethyl porphyrin (Ni-OEP) 

Vanadyl etio porphyrin (V-EP) 

Vanadyl mesotetraphenyl porphyrin (VO-MTPP) 

Source: Jenifer et al. 2015 

Scientists have used chemical methods with liquid reagents like acids or bases 

for many years to effectively remove metals from heavy crude oil. These methods have 

several advantages. They involve simple instrumentation and technological design, 

eliminating the need for catalysts, adsorbents, and hydrogen. Additionally, the 

processes can be carried out at low temperatures and pressures, preventing carbon 

deposits and major alterations in the hydrocarbon composition of the feedstock. Under 

mild conditions, the chemical composition of the oil components remains unaltered 

during the processes. (Kobotaeva & Skorohodova 2018). 

Acids and bases play crucial roles in demetallizing various petroleum fractions 

by forming separable entities with metal compounds. The use of organic and inorganic 

acids for demetallizing fossil crude oil is well-documented and widely established. 

Hydrofluoric acid is particularly effective, achieving approximately 90% metal removal 

and 85-90% oil recovery (Attia 2019). Moreover, many research studies have explored 

the demetallization of crude oil using acids such as hydrochloric, nitric, phosphorous, 

and phosphoric acid, which can react with metal compounds in crude oil. These studies 

concluded that the reaction products were easily detachable and soluble in oil (Jenifer 

et al. 2015). 

On the other hand, ammonium hydroxide and ammonium carbonate, which are 

bases dissolved in water, have been employed to react with metal complexes 

chemically, forming compounds that can be easily separated (Jenifer et al. 2015). The 

selection of an acid or base is contingent upon the oil fraction to be treated and the type 

of metals to be eliminated. Furthermore, the variables such as concentration and 

reaction conditions have a substantial impact on the results. 
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However, challenges arise when using sulfuric acid in the demetallization 

process, because sulfuric acid will convert to sulfur dioxide, leading to side reactions 

with unsaturated hydrocarbons and the formation of byproducts. This complexity 

hinders the elimination process and reduces efficiency (Magomedov et al. 2015). In 

addition, sulfuric acid reacts with hydrocarbons in the oil, which leads to an increase in 

the quantity of acid required for the process and a decline in the amount of oil produced. 

Oxidation agents, known as oxidants, play a crucial role in demetallizing 

petroleum fractions by inducing electron loss through oxidation. This method is 

particularly effective for heavy feedstocks and demonstrates a high removal efficiency. 

Oxidants typically undergo chemical reactions with metal compounds, transforming 

them into more easily removable forms. Common oxidants include chlorine, sulfuryl 

chloride, dinitrogen tetroxide, benzoyl peroxide, and tert-butyl hydroperoxide. 

However, this method has limitations, including the potential loss of oxidant during the 

reactions. Additionally, certain oxidizing agents pose hazards and require special 

precautions during handling and disposal. Rigorous process control is essential to 

prevent undesirable reactions or degradation of petroleum fractions (Jenifer et al. 2015). 

An electrochemical approach for metal removal from crude oil was also 

explored, using electrically charged surfaces to induce chemical changes. A study 

examined model metalloporphyrins and porphyrinic extracts from Venezuelan crude 

oil, achieving approximately 20% conversion for VO-TPP and 18% for Ni-TPP. 

Another study found that the choice of electrodes and protonating agents significantly 

influenced the results. It achieved 84% hydrodemetallization for VO-MTPP and 78% 

for VO-OEP using a glassy carbon electrode in a THF/methanol/perchloric acid 

medium. While effective, this method requires high voltage to achieve optimal metal 

removal efficiency (Jumina et al. 2021). 

Microorganisms provide an environmentally friendly method for demetallizing 

crude oil by breaking down metalloporphyrins and using them as a carbon source. 

Salehizadeh et al. studied the action of Aspergillus sp. on VO-OEP, finding that 55% 

of it was degraded into free metal ions. This degradation was enhanced by Ag+ and 

reduced by Zn2+ and EDTA. In another study conducted by Dedeles et al. to investigate 
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the potential of P. azelaica YA-1 to degrade Ni-PPDS, the results achieved a 77% 

degradation of Ni-PPDS and a 79% degradation of VOEP after 7 days. However, the 

degradation process using these microorganisms is slow and time-consuming (Arjoon1 

& Speight 2022). 

An alternative approach involves utilizing radiation, specifically ultrasonic and 

microwave irradiation, to enhance the demetallization efficacy of conventional 

treatment methods. Ultrasonic radiation activates chemical reactions via acoustic 

cavitation, concentrating energy in localized regions. In their investigation, Kobotaeva 

et al. (2018) explored the removal of nickel, vanadium, iron, and chromium from oil 

and fuel oil using chemical reagents containing acidic functional groups (1% o-

phosphoric acid, concentrated o-phosphoric acid, sodium sulfate, and 

diethylenetriaminepentaacetic acid) combined with ultrasound exposure. The results 

revealed that iron and chromium removal efficiency from oil samples reached 98%, 

while nickel and vanadium removal efficiency reached up to 55%. The study posits that 

ultrasonic treatment’s positive impact lies in the breakdown of organic metal 

compounds, including weak π-π and n-π complexes, as well as tetrapyrrole macrocycles 

present in oils and oil products. This breakdown facilitates the formation of new 

compounds that readily transition into the aqueous-acid phase. 

Utilizing microwave-assisted techniques for metal and sulfur removal from 

crude oil has gained prominence as an efficient alternative to conventional methods. 

The distinctive features of microwave heating render it an appealing choice across 

various domains, including food, chemical, and environmental engineering. In contrast 

to traditional heating, microwave heating operates volumetrically, directly converting 

electromagnetic energy into heat by interacting with polar molecules or ions present in 

the material. This advantage mitigates limitations associated with traditional heating, 

such as undesirable temperature gradients inside the target substance (Solouki et al. 

2022). 

In their 2019 study, Attia et al. investigated the impact of traditional and 

microwave heating techniques on the concurrent removal of sulfur and heavy metals 

(including nickel and vanadium) from heavy crude oil. The results indicated that 
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traditional heating achieved maximum removal efficiencies of 90%, 79%, and 53% for 

vanadium, nickel, and sulfur, respectively. In contrast, microwave heating substantially 

improved the removal efficiency for these elements. Specifically, vanadium, nickel, and 

sulfur concentrations were reduced by up to 90%, 50%, and 99%, respectively (Attia 

2019). While microwave-assisted demetallization has garnered attention in the 

literature, it is not without limitations. Firstly, achieving a high removal rate via 

hydrodemetallization under microwave heating necessitates elevated pressure. 

Furthermore, studies have highlighted lower heating efficiency in microwave-assisted 

demetallization processes (Li et al. 2019a). 

Table 2.2 presents the unconventional methods with promising demetallization 

capabilities, along with their respective advantages and drawbacks. 

Table 2.2 The significant features of the unconventional methods for demetallization. 

Method Advantages Disadvantages 

Ultrasonic radiations 
with chemical reactions 

This improvisation gives higher 
efficiency of metal removal than 
the traditional method. 

Applicable only to mild 
noncatalytic operations 

Microwave radiations 
on desalting 

This modified method gives a 
higher efficiency of metal removal 
than the traditional method. 

Increase in microwave time 
caused difficulty in 
increasing the removal rate. 

Micro-organisms Good potential for metal removal. Slow and time-consuming 
process. 

Electrochemical 
methods 

High metal removal efficiency. High voltage is required for 
higher metal removal. 

Ultrasonication Removal efficiency improved by 
adding a suitable 
surfactant/solvent. 

Reaction affected by power 
of ultrasonication and is 
hindered at high 
temperatures. 

Photochemical method Energy saving, solvent recovery, 
safe demetallization. 

Difficulty in removing 
bound-type 
metalloporphyrins without 
solvent addition. 

Oxidation With a suitable oxidant, it can 
give high removal efficiency for 
heavy feedstock. 

Loss of oxidant as it might 
be consumed for side 
reactions along with metal 
removal. 

Source: Jenifer et al. 2015 

In summary, elevated levels of metal ions in crude oils pose an additional 

financial burden on refineries processing heavy crude oil. This is manifested in the high 
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cost of hydrogen addition, yield loss due to carbon rejection, and catalyst deactivation. 

Consequently, a pre-treatment step is essential to mitigate these challenges by reducing 

the metal content in crude oil feeds before they enter the processing stream. Developing 

an effective pre-treatment step to remove or diminish metal ion concentrations could 

enhance the efficiency of conventional processing methods, resulting in substantial 

savings in time and cost. Currently, no known metal extraction step preceding 

hydroprocessing stages is simultaneously effective, economical, and capable of 

addressing catalyst deactivation and environmental concerns 

As an alternative to conventional hydrodemetallization, the adsorptive 

demetallization (ADD) serves under ambient conditions. Adsorption is the backbone of 

ADD technology, metal compounds are selectively removed using specific adsorbents. 

The efficacy of ADD particularly its longevity, selectivity, and capacity largely hinges 

on the choice of adsorbent. Consequently, the adsorbent significantly influences the 

process's selectivity, capacity, and overall sustainability, including the regenerability of 

the adsorbents and the recoverability of adsorbate. The commonly investigated 

adsorbents include activated carbon, metal oxides, and zeolites. 

Adsorbates can be removed through two distinct mechanisms based on the 

interaction between the adsorbent and the targeted adsorbates: physical adsorption 

(physisorption) and chemical adsorption (chemisorption). In physical adsorption, 

adsorbates and adsorbents primarily form weak van der Waals forces, allowing for 

relatively easy regeneration of the adsorbent. In contrast, chemical adsorption involves 

chemical bonding between adsorbates and adsorbents, altering the physical and 

chemical properties of the metal compounds and necessitating higher energy for 

regeneration (Ahmad 2015). 

Adsorptive demetallization (ADD) holds promise due to its potential for 

regenerability, cost-effectiveness, and environmental friendliness when conducted 

under ambient conditions. However, challenges related to selectivity and diffusion 

remain significant in ADD. Consequently, substantial research efforts should prioritize 

the identification of adsorbents with high selectivity and capacity for metal complexes 

(Lee & Valla 2019). 
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Activated carbon (AC) refers to the highly carbonaceous materials having high 

porosity and sorption ability produced from wood, coconut shells, coal, cones, etc. AC 

is one of the frequently used adsorbents utilized in various industries for the removal of 

numerous pollutants from water and air bodies. Since AC is synthesized from 

agricultural and waste products, it has proved to be a great alternative to the traditionally 

used nonrenewable and expensive sources. For the preparation of AC, two basic 

processes, carbonization and activation, are used (Sharma et al. 2022). In 2021 Ali et 

al. investigated the potential for removing nickel from Iraqi crude oil using a simple 

pre-treatment method based on adsorption technology. The crude oil was treated with a 

high-surface-area adsorbent, specifically commercial granular activated carbon (GAC). 

The adsorption process was conducted in a batch mode unit under various operating 

parameters, including the adsorbent media amount, water/crude oil ratio, contact time, 

and agitation speed, to optimize the conditions for the best removal of nickel from the 

crude oil. The results indicated that GAC exhibited a high adsorption capacity, 

achieving an 87% removal of the total nickel content. The study also showed that the 

efficiency of the treatment increased with higher values of the operational parameters 

(Ali et al. 2021). 

Despite the notable capacity of pure activated carbons for adsorbing metals from 

crude oil, several drawbacks remain. One major challenge is their lack of selectivity in 

removing the targeted contaminants. Furthermore, the efficacy of activated carbons in 

adsorptive demetallization is significantly limited by their low adsorption capability. 

This limitation is primarily due to the broad distribution of pore sizes and restrictions 

in mass transport (Silas et al. 2019). 

Metal oxides have been employed in ADD and demonstrated efficacy in the 

demetallization of crude oil. Konne et al. (2017) investigated the use of aluminum oxide 

nanoparticles Al2O3+ sodium dodecyl sulfate (SDS), synthesized through a simple sol-

gel method, for the demetallization of nickel from a crude oil-water mixture in a batch 

adsorption process. The study revealed that the removal rate increased steadily with the 

amount of adsorbent, from 0.02 to 0.1 g, achieving a maximum removal efficiency of 

86.1% for Al2O3+SDS. In contrast, for Al2O3, the removal rate decreased as the 

adsorbent dosage increased, with the highest removal rate of 78% observed at the lowest 
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dosage of 0.02 g. Furthermore, at a constant adsorbent dosage, removal rates of 94% 

and 93% were achieved for a 1:3 crude oil-water mixture using Al2O3+SDS and Al2O3, 

respectively. These findings confirmed the superior capacity of Al2O3+SDS for 

removing Ni2+ ions from crude oil compared to Al2O3. However, these materials have 

limited capacity for the adsorption of metal compounds. 

Zeolite-like sorbents, including materials such as primitive clay and granulated 

macroporous Al2O3-SiO2, represent a category of structured porous silicas suitable for 

use as adsorbents in ADD. Iuzmukhametova et al. (2023) evaluated the use of a 

granulated macroporous Al₂O₃-SiO₂ adsorbent for adsorptive treatment. This method, 

proposed as an initial step for residue pretreatment in atmospheric and visbreaking 

residue refineries, operates at 485–510°C and a feed rate of 1 h⁻¹. The process achieved 

a total liquid product yield of approximately 73.0–75.0 wt%, coke deposition on the 

sorbent of 12.6–18.3 wt%, demetallization above 98%, and a reduction in carbon 

residue by 65–72%. However, the study encountered significant challenges. The high 

coke content on the adsorbent necessitates regeneration, which requires temperatures 

up to 750°C. This regeneration process reduces the macropore size and volume of the 

adsorbent, which significantly impacts its demetallization efficiency. 

Zeolites, a versatile class of aluminosilicates, are recognized for both their 

natural occurrence and their industrial synthesis. They are extensively researched for a 

wide range of applications, including wastewater treatment (de Magalhães et al. 2022), 

catalysis (Morris & Nachtigall 2017), and adsorption (Ugwu et al. 2022). The unique 

properties of zeolites, driven by their structural characteristics and adjustable Si/Al 

ratios, make them highly adaptable for various uses. The X zeolite variant excels in 

heavy metal adsorption, thanks to its distinctive three-dimensional faujasite (FAU) 

framework, large surface area, and numerous acidic sites. Furthermore, extensive 

research has led to significant advancements in overcoming initial limitations, such as 

diffusion barriers and selectivity in competitive environments, through the 

incorporation of polymeric and inorganic components into zeolite composites (Rad & 

Anbia 2021). Therefore, the following discussions will delve into the exceptional 

benefits of zeolites and zeolite/polymer sorbents. 
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2.6 ZEOLITE 

2.6.1 Background 

Zeolites constitute a category of over 50 soft, white aluminosilicate minerals 

characterized by a tectosilicate structure, which is a three-dimensional framework of 

interconnected tetrahedra composed predominantly of aluminum, silicon, and oxygen 

atoms (see Figure 2.3a, b). These minerals exhibit a crystalline architecture formed from 

[AlO4]5- and [SiO4]4- units, with each tetrahedron sharing its four corner oxygen atoms 

with neighboring tetrahedra, as illustrated in Figure 2.3c–e (Khaleque et al. 2020). 

According to. Figure 2.3f, when each tetrahedron in the framework is centered by a 

silicon atom, the overall structure remains electrically neutral, similar to quartz (SiO2). 

In zeolite frameworks, some silicon atoms, which are quadrivalent, are substituted by 

trivalent aluminum atoms, creating a net positive charge. This positive charge is 

counterbalanced by singly- and/or doubly charged cations such as sodium, potassium, 

calcium, and magnesium, which are distributed throughout the structure and contribute 

to the presence of large pores or rings(de Magalhães et al. 2022). 

The general formula for zeolites can be expressed as  

Ma/b [(AlO2)a(SiO2)y].cH2O 

where M represents an alkali or alkaline earth metal, b is the charge on that 

metal, a corresponds to the number of Al tetrahedra, y varies from 2 to 10 for Si 

tetrahedra, and c ranges from 2 to 7 for water molecules. The combined Si and Al 

tetrahedra create a structural framework within zeolites, featuring centrally located Si 

or Al atoms and oxygen atoms at the corners. These arrangements lead to pores and 

channels, as depicted in Figure 2.3a, b (IZA-SC 2024). 

In Figure 2.3e, a sodium zeolite with low silica content (Si/Al = 1, Na/Al = 1, 

specifically zeolite 4A) exhibits an open cage structure within its lattice. It also features 

an extensive network of negatively charged channels that accommodate Na+ cations. 

These channels result from the common oxygen atom shared between Si and Al 

tetrahedra (IZA-SC 2024). Additionally, the microscopically small pores or channels 
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(as shown in Figure 2.3a–c) are often referred to as 'molecular sieves' due to their ability 

to facilitate cation exchange during adsorption processes. Consequently, zeolites are 

widely used in separation and filtration applications. 

 

Figure 2.3 Zeolite Frameworks and Structural Units (a) the zeolite crystal structure. (b) 
showing cages and channels in 3D. (c) tectosilicate zeolite structure adds 3D. (d) 
Construction and framework of a zeolitic mineral’s single-ring tetrahedron, (e) 
[SiO4]- and [AlO4]- in a ring of sodium zeolite. (f) graphic representation of a 3D 
viewpoint of a tetrahedral with centrally located Si or Al atoms. 

Source: Khaleque et al. 2020 

Zeolites possess a highly stable crystalline lattice structure, allowing for 

significant flexibility in ion exchange and reversible dehydration. Zeolites have the 

ability to incorporate additional cations, primarily sodium, potassium, magnesium, and 

calcium, as well as water molecules and tiny chemical molecules. Moreover, the ions 

and molecules within the cages are only weakly attached, allowing for their removal or 

replacement without causing damage to the zeolitic structure. This capacity, however, 

is influenced by the specific zeolites' chemical composition and crystalline structure 

(Andrunik & Bajda 2021). 

Despite being discovered by Cronsted in 1756, the molecular sieve properties 

of zeolites were not explored until the mid-1920s. Unfortunately, there has been little 
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progress in utilizing natural zeolites for commercial purposes for quite some time. 

Researchers have been studying the synthesis of zeolites, specifically synthetic zeolites, 

by using pure chemicals or minerals found in natural resources or their by-products, 

such as coal fly ash (Längauer et al. 2021a). 

2.6.2 Natural zeolites 

Naturally occurring zeolites commonly crystallize within the tiny voids of basaltic rocks 

over time, or within volcanic tuffs or glass that have been modified via contact with 

salty water. Natural zeolites are created in several geological settings, including alkaline 

deserts, lake sediments, ash ponds, and marine sediments. These formations occur at 

relatively low temperatures under natural circumstances. Additionally, they undergo 

crystallization in relatively recent metamorphic rocks found in hilly areas. During the 

1950s, geologists made a significant finding that revealed the widespread existence of 

large amounts of volcanic tuff. These deposits were composed mostly of zeolitic 

materials, which are substances with unique properties (Jha & Singh 2016a). Zeolitic 

crystals possess distinctive structures that are capable of retaining water, which may be 

removed with the use of heat. The dried crystals have a honeycomb-like structure with 

small gaps or pores that are around 2-10 Å wide (2–10 Å) (Li et al. 2019b). Natural 

zeolites have a commonly used formula is 

(Li; Na; K)p(Mg; Ca; Sr; Ba)q[Al(p + 2q)Sin-(p + 2q)O2n] moH2O 

where, p is the number of monovalent metal ion, q is the number of divalent 

metal ions, n is half the number of oxygen atoms and mo is the number of water 

molecules. 

Clinoptilolite and chabazite, which are types of natural zeolites, have diverse 

applications in fields such as water treatment, soil amendment for fertilizer application, 

and promoting plant development by improving nutrient retention. The use of 

clinoptilolite in agriculture, soil amendment, and feed additives has gained widespread 

acceptance due to its high silica concentration, which makes it resistant to acid. Wang 

et al. (2021b) investigated ways to improve soil's NH4
+ holding capacity and reduce the 

energy consumption associated with industrial fertilizer production. They experimented 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



38 

 

with various dosages of clinoptilolite mixed with soil to enhance NH4
+ absorption, also 

simulating the process using the Freundlich and Langmuir equations under different 

conditions. The optimal ratio for high adsorption efficiency was found to be 0.01 g of 

clinoptilolite per 10 g of soil. The presence of both Na+ and K+ ions increased the NH4
+ 

adsorption capacity of the clinoptilolite-amended soil more than Na+ ions alone. The 

results concluded that clinoptilolite can significantly enhance soil nitrogen holding 

capacity, offering substantial potential to reduce the energy consumption in industrial 

urea production. 

Zeidan et al. (2024) investigated the use of chabazite for adsorbing Congo red 

(CR), an anionic diazo dye, from aqueous solutions under different operational 

conditions. The study found that the natural zeolite had a maximum adsorption capacity 

of 26.525 mg/g. The adsorption efficiency increased with higher doses of chabazite but 

decreased with higher concentrations of CR and rising temperatures. 

Natural zeolites, despite their benefits, have several significant disadvantages 

that limit their practical use in different applications. Senila et al. (2024) 

comprehensively discussed the disadvantages of natural zeolites, which can be briefly 

listed as follows: 

I. Natural zeolitic tuffs contain a mixture of minerals. 

II. Exchangeable cations in natural zeolites are highly variable. 

III. The degree of crystallinity varies. 

IV. Internal surface area, internal volume, and pore radius are variable. 

V. Low adsorption capacity for some substances, requiring modification. 

VI. Their affinity is mainly for cations, necessitating modification for other 
substances. 

VII. Variable properties even within the same quarry. 

VIII. May contain impurities, including traces of heavy metals, thus requiring 
purification or restricting uses for some purposes. 
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These disadvantages highlight the need for ongoing research to address the 

limitations of natural zeolites and enhance their application in environmental 

remediation. Further studies are essential to optimize their performance, understand 

long-term environmental impacts, and develop effective regeneration and disposal 

strategies. To solve these limitations, researchers started to investigate the synthesis of 

zeolites. 

2.6.3 Synthetic zeolites 

In 2019, the market for synthetic zeolite materials was valued at approximately US$5.2 

billion annually, with projections indicating an increase to US$5.9 billion annually by 

2023 (Collins et al. 2020). Synthetic zeolites offer several notable benefits due to their 

high purity and uniform crystal size, making them ideal for a wide range of industrial 

applications. Their production process, which takes only a few hours to a few days in a 

laboratory, allows for precise control over pore size, adsorbent surface characteristics, 

and thermal stability, resulting in a highly consistent and reliable product. These zeolites 

can be synthesized from various sources with diverse chemical compositions and 

physicochemical properties, providing versatility and adaptability to meet specific 

needs. The uniformity of synthetic zeolites enhances their performance in applications 

requiring precise specifications, making them a superior choice for industries that 

demand high-quality materials. Additionally, the ability to tailor the properties of 

synthetic zeolites, such as their pore size and surface characteristics, ensures they meet 

the stringent requirements of different industrial processes. Their excellent thermal 

stability further enhances their functionality, making them a valuable asset in high-

temperature applications. Overall, synthetic zeolites' purity, consistency, and 

customizable properties underscore their significant advantages in industrial use 

(Khaleque et al. 2020). 

Conventional synthesis of various types of zeolites typically occurs in closed 

reaction systems. In these systems, aluminum and silicon sources are combined to create 

a supersaturated solution, which is then heated at temperatures ranging from 30 to 

180°C for durations spanning minutes to days. This process facilitates nucleation and 
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crystallization. The synthesis conditions for each type of zeolite are documented and 

published by the International Zeolite Association (Yoldi et al. 2019).  

Research on synthetic zeolites has been conducted for many years, leading to 

continuous improvements in the synthesis process. However, issues such as low 

resource utilization and significant waste generation persist. Furthermore, the reliance 

on mineral resources and pure chemical reagents for raw materials significantly 

increases the cost of zeolite synthesis (Peng et al. 2021). As governments worldwide 

emphasize sustainable development and environmental protection, the principles of 

green chemistry are gaining increasing importance across various industries. Given the 

need for the industrialized production of zeolites in the future, there is growing interest 

among researchers in identifying an ideal green synthesis route for zeolites. Such a route 

would be simple, economical, and environmentally friendly, aligning with the goals of 

sustainability and cost-efficiency (Lin et al. 2022). 

Synthesis procedures utilizing industrial wastes present two significant 

advantages over commercial zeolites synthesized from pure chemicals. Firstly, waste-

derived zeolites are more cost-effective than their conventional counterparts. Secondly, 

using industrial wastes as sources of aluminum and silicon facilitates the valorization 

of by-products. The zeolitization mechanism from waste materials involves four stages: 

dissolution of aluminum and silicon, formation of a geopolymer, nucleation of the 

crystalline structure, and growth of the zeolite crystals. The primary parameters 

influencing this synthesis process include the available silicon and aluminum content, 

temperature, pressure, alkalinity, and the liquid-to-solid ratio (Yoldi et al. 2019). 

Fly ash, an industrial by-product rich in silica and alumina, is abundant and cost-

effective, making it a potential candidate for synthesizing synthetic zeolites 

(Makgabutlane et al. 2020a; Ochedi et al. 2020). The type of zeolite produced depends 

on factors such as temperature, pressure, reagent solution concentration, pH, activation 

process, aging period, and the Si, and Al oxides content of the starting materials 

(Makgabutlane et al. 2020b; Sivalingam & Sen 2018; Tauanov et al. 2018a). Zeolites 

can be categorized based on the Si/Al molar ratio in activated fly ash into low, 

intermediate, and high silica zeolites, as shown in Table 2.3. Generally, an increase in 
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the Si/Al ratio (from 0.5 to infinity) in zeolites enhances properties such as acid 

resistance, thermal stability, and hydrophobicity, while properties like hydrophilicity, 

acid site density, and cation. 

Table 2.3 Classification of zeolites based on the grades 

Zeolite grade Si/Al molar 
ratio 

Some of the common mineral names 
and their framework codes 

Low silica ≤ 2 Analcime (ANA), cancrinite (CAN), Na-
X (FAU), natrolite (NAT), phillipsite 
(PHI), sodalite (SOD) 

Intermediate 
silica 

2-5 Chabazite (CHA), faujasite (FAU), 
mordenite (MOR), Na-Y (FAU) 

High silica > 5 ZSM-5(MFI), zeolite-b (BEA) 

Source: Jha et al. 2016 

2.6.4 Faujasite type zeolites (FAU) 

The first experimental investigations of FAU zeolites were conducted by Damour in 

1848. In 1949, Barrer and Milton synthesized zeolite-type NaX, characterized by a 

Si/Al ratio ranging between 1.0 and 1.5, intended primarily for use in the adsorbent 

industry. Zeolite type Y, featuring a structure akin to that of X but with a higher Si/Al 

ratio (1.5 to 3.0), was synthesized by Breck in 1954. This development has contributed 

significantly to the adsorbent industry and facilitated advancements in processes 

involving hydrocarbon transformations through zeolite Y. The reduced aluminum 

content in these zeolites leads to a structure that exhibits enhanced thermal and acidic 

stability (Castro et al. 2020). 

FAU is an aluminosilicate molecular sieve represented by the formula |(Ca, Mg, 

Na2)29 (H2O)240| [Al58Si134O384]-FAU. The synthetic FAU-type zeolites are categorized 

into two types: Linde X and Linde Y. These two types essentially differ in their Si/Al 

ratio. The SiO2/Al2O3 ratio for X zeolite ranges from 1 to 1.5, while Y zeolite has a 

higher ratio. The FAU framework consists of 24-tetrahedra cuboctahedral units, also 

known as sodalite cages, which are connected by hexagonal prisms (double six-rings). 

This arrangement forms a three-dimensional porous channel structure along the [110] 

direction. The structure is characterized by 12-oxygen ring window openings with 

apertures of 8 Å and super-cages approximately 12 Å in size (IZA-SC 2024). Figure 2.4 
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displays a perspective of the FAU-type zeolite super-cage in the [111] direction. FAU 

is a thermally stable molecular sieve due to its spacious void volume and pore cavities 

in its 3-D channel structure. These features are well-suited for a range of applications, 

including ion exchange, catalysis, and adsorption (Julbe & Drobek 2015). 

FAU-type zeolites are commonly synthesized through the hydrothermal method 

at low temperatures (ranging from 70 to 300°C, generally about 100°C). This process 

generally starts with sodium aluminate and sodium silicate, resulting in zeolite in its 

Na⁺ form (Li et al. 2022). In acid catalysis applications, it is necessary to replace Na⁺ 

ions with H+ to form proton-zeolite. Additionally, for specific catalytic applications, 

various metal cations can be incorporated into the structure via impregnation or ion 

exchange. This modification changes the quantity and characteristics of acid sites, 

affecting the diffusion of starting materials and products. Zeolites X have numerous 

industrial applications, including gas or vapor adsorption, separation, and catalysis. 

They are used in processes such as the isomerization of 1-butene, alkylation of toluene 

with ethylene or methanol, and the cycloaddition of carbon dioxide to ethylene oxide 

(Julbe & Drobek 2015). 

On the other hand, zeolite Y, with a silicon-to-aluminum ratio typically greater 

than 1.5, has been extensively utilized in various industrial fields because of its high 

thermal and chemical stability. For instance, the fluid cracking catalyst (FCC) process 

extensively employs ultra-stable Y zeolite (USY), typically obtained via the 

dealumination process from zeolite Y. USY serves as a catalyst during the refining of 

heavy petroleum distillates, leading to the production of various light products, 

including gasoline and diesel. Moreover, there has been a growing interest in the 

preparation of tubular membranes based on Faujasite zeolite, which is primarily utilized 

to purify alcohols through water separation via vapour permeation (Nazir et al. 2020). 
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Figure 2.4 Structural features of the faujasite zeolite framework 

Source: Zang et al. 2023 

Despite the wide range of applications for zeolite X, its primary functions 

encompass catalysis, gas and organic component purification and separation, cation 

exchange, and adsorption. The extensive industrial uses of zeolite Na-X have driven its 

synthesis from various unconventional raw materials, including rice husk ash, 

metakaolin, oil shale ash, and coal fly ash. While the synthesis of hierarchical zeolite X 

using pure analytical chemicals has been documented recently, numerous studies have 

concentrated on producing zeolite X from fly ash. 

NaX zeolite was synthesized from Huadian oil shale ash using the alkaline 

fusion-assisted hydrothermal method and applied to the removal of methyl blue. The 

synthetic zeolite exhibited a specific surface area of 366.87 m2/g, a pore volume of 

0.2085 cm3/g, and an average pore diameter of 7.01 nm (BJH adsorption). The Optimal 

conditions yielded a methyl blue removal efficiency of 96.0%, and the zeolite showed 

excellent reusability. The efficiency of methyl blue removal was influenced by the 

presence of salts and salinity. The adsorption mechanism study revealed that 

electrostatic attraction, hydrogen bonding, and pore diffusion played significant roles 

in facilitating the adsorption of methyl blue onto the NaX zeolite (Shi et al. 2023). 

Korpa et al. (2021) investigated the key parameters influencing the synthesis of 

type X and A zeolites from coal siliceous fly ash (FA). The synthesis process involved 

dissolving alkali-fused alumino-silicates followed by hydrothermal treatment. The 

findings highlighted that the SiO2/Al2O3 ratio in FA, the NaOH/FA ratio, acid treatment 
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of pre-fused fly ash, and solution salinity significantly impact the type and properties 

of the resulting zeolites. For type X zeolite, it was found that FA with a SiO2/Al2O3 

ratio greater than 1.86 is ideal, specifically at a ratio of 3.15. Crystallization occurs more 

rapidly at higher temperatures; however, temperatures above 90°C cause X-type zeolite 

to transform into more stable phases. Extending the crystallization time from 1 to 72 

hours increased the yield from 60% to 75%. The use of seawater during synthesis 

resulted in X-type zeolite with lower purity and specific surface area. Despite this, the 

synthetic zeolites exhibited high ion exchange capacity (> 320 meq/100 g), indicating 

their potential as effective adsorbents and catalysts for wastewater and industrial waste 

treatment. 

Sivalingam et al. (2019) explored the synthesis of the nanocrystalline zeolite X 

(nZX) derived from coal fly ash sourced from eastern India, aimed at removing the 

textile dye crystal violet (CV) from aqueous solutions. The nZX was characterized 

through various methods including TEM, XRF, FESEM, XRD, FTIR, and BET. The 

nZX exhibited a surface area of 651.34 m²/g, an average crystal size of 16.28 nm, 

particle size of 27.28 nm, 82% crystallinity, and a 91% yield. Under optimal conditions 

pH 9, a contact time of 60 min, temperature of 50°C, an initial dye concentration of 100 

mg/L, and an adsorbent mass of 1.0 g/L nZX achieved a maximum CV removal 

efficiency of 99.52%. The Langmuir adsorption capacity peaked at 234.57 mg/g. 

Moreover, the nZX maintained high dye removal efficiency across five regeneration 

cycles, demonstrating its excellent reusability. 

In research by Bai et al. (2022), zeolite was synthesized from a mixture of oil 

shale ash and coal fly ash to remove heavy metals from water. XRD and SEM analyses 

confirmed the conversion of the ashes into zeolite. The synthetic zeolite's adsorption 

capacity for heavy metals was tested using batch experiments. The findings revealed 

that the adsorption kinetics followed a pseudo-second-order model, while the Langmuir 

isotherm model provided a good fit for the isotherm data. The selectivity order for heavy 

metal adsorption was determined to be: Pb2+ > Cr3+ > Cu2+ > Cd2+ > Zn2+. 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



45 

 

2.6.5 Zeolite-based composites 

While raw zeolite exhibits great adsorption capacity, challenges remain in its practical 

application. These challenges include the complex filtration of zeolite from aqueous 

solutions and the large pressure drop encountered by fixed-bed columns during 

adsorption  (Zhang et al. 2017b). Furthermore, using zeolites to remove nickel and 

vanadium cations from crude oil faces significant challenges. According to Kukwa et 

al. (2019) study, X-ray diffraction (XRD) analysis of zeolite samples post-removal of 

these metal ions from the aqueous solution of crude oil in H3PO4 reveals that the zeolites 

disintegrate during the extraction and removal process. 

Zeolites, due to their high concentration of silanol groups, favorable porosity, 

and extensive surface area, are well-suited as inorganic supports. In their protonic 

forms, these materials offer abundant surface hydroxyl groups that serve as effective 

adsorption sites. As inorganic supports, zeolites can facilitate the attachment of organic 

ligands, leading to the irreversible immobilization of metal cations through the 

coordination with donor atoms present on the ligands. Organic ligands containing 

nitrogen and sulfur, which are known for their strong selectivity for heavy metal ions, 

can be anchored to zeolite surfaces, allowing for the immobilization of metal cations 

from solutions without requiring additional waste processing or disposal. Consequently, 

surface-modified zeolites can immobilize cations not only through ion exchange and 

electrostatic interactions within their negatively charged framework but also by 

coordinating cations with donor groups on the ligands attached to their surfaces (Kukwa 

& Dann 2019). 

In recent years, researchers have focused on zeolite-based composites as 

effective adsorbents for water treatment. These composites, which combine zeolites 

with inorganic materials or polymers, offer improved physicochemical stability, easier 

reusability, and higher adsorption capacity compared to raw zeolites (Abdelrahman et 

al. 2021). 
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a. Zeolite/inorganic composites 

Researchers have blended zeolites with various materials to enhance their 

physicochemical properties for removing heavy metal ions, organic pollutants, and 

other contaminants from water. These materials include metal oxide nanoparticles (such 

as Fe2O3, Fe3O4, SiO2, TiO2, ZnO), carbonaceous materials (like activated carbon, 

carbon nanotubes, graphene oxide), hydroxyapatite, and silicate. Figure 2.5 illustrates 

the schematic of inorganic adsorbents combined with zeolites. Depending on the nature 

of zeolite, these blends fall into two categories: inorganic materials modified with 

natural zeolites and those modified with synthetic zeolites. Researchers have employed 

various methods (such as co-precipitation, hydrothermal, solvothermal, sol-gel, 

ultrasonic, and microwave techniques) to create zeolite/inorganic material composites 

(Rad & Anbia 2021). 

b. Zeolite/polymer composites 

Polymers can be categorized into two main types: natural and synthetic. Researchers 

have utilized various natural polymers such as cellulose (Ashraf et al. 2022) and 

chitosan (Mahmodi et al. 2020), along with synthetic polymers like poly vinyl chloride 

(PVC) (Jamshaid et al. 2020), polyvinyl alcohol (PVA) (Tabatabaeefar et al. 2020), 

polypropylene (Li et al. 2020a) and many others, to create zeolite/polymer-based 

composites for adsorbing toxic substances from water samples. These composites serve 

as an effective strategy for enhancing zeolite adsorption properties and ensuring their 

reusability. The resulting composites can take various forms, including beads, 

hydrogels, thin films, nanoparticles, and nanofibers. The synthesis involves dispersing 

zeolite particles within a polymer matrix to prevent the aggregation of zeolites in the 

medium (Rad & Anbia 2021). 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



47 

 

 

Figure 2.5 Schematic of inorganic adsorbents combined with zeolites. 

Source: Rad et al. 2021 

Biopolymers offer a more environmentally sustainable alternative to traditional 

polymers, primarily due to their renewable sources, biodegradability, and natural 

recycling through biological processes. One of the most familiar biopolymers is 

chitosan (CHS) for its potential in various adsorption applications, including gas capture 

and the removal of dyes and heavy metal ions. However, CHS is not without its 

limitations, which include inconsistent yields, non-uniform particle sizes, challenges in 

process reusability, and relatively low mechanical and chemical stability. To address 

these challenges, both physical and chemical modifications have been suggested to 

achieve more consistent particle sizes and to enhance the mechanical properties of CHS-

synthesized forms (Liu et al. 2022). 
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2.7 COAL AND FLY ASH 

One of the most prevalent and plentiful fossil fuels in the world, confirmed resources 

for coal are around 1000 billion tons globally (Tauanov et al. 2018). Coal continues to 

be widely utilized as a combustible substance in several developing and industrialized 

nations. Global coal consumption has seen significant changes in recent years, primarily 

driven by the energy needs of rapidly developing Asian economies. According to the 

International Energy Agency (IAE), In 2022, global coal demand reached a record high 

of 8.42 billion tonnes, marking a 4% increase from the previous year. This surge was 

fueled mainly by increased coal use in China and India, which saw growth rates of 4.6% 

and 9%, respectively. The demand in Indonesia also rose sharply due to industrial 

applications like nickel smelting (IEA), as shown in Figure 2.6. 

A major drawback of relying on coal for energy is the accumulation of coal fly 

ash (CFA), which represents a significant environmental and health hazard (Tauanov et 

al. 2019). According to the literature, coal combustion results in the production of ash, 

which typically makes up 5-20% of the weight of the burnt coal. This ash consists of 

two components: coal bottom ash (CBA), which accounts for 5-15% of the ash's weight, 

and coal fly ash (CFA), which makes up 85-95% of the ash's weight (Zhou et al. 2022). 

After being used in combustion reactors, coal ash is typically disposed of as either wet 

or dry residues. The coarser component, coal bottom ash (CBA), settles at the bottom 

of these reactors and is mechanically collected following the combustion process. 

Conversely, coal fly ash (CFA), the finer portion, is collected either electrostatically or 

mechanically and stored in specific ash disposal sites following the combustion process 

(Meena et al. 2023). 
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Figure 2.6 The global coal consumption from 2020 to 2023 

Source: IEA 2024b 

In 2022, Malaysia consumed approximately 32.6 million tonnes of coal, 

primarily for electricity generation. This marks a significant increase compared to 

previous years. In 2020, coal consumption was about 30.4 million tonnes, while in 2021, 

it rose to approximately 31.5 million tonnes. This upward trend in coal consumption 

reflects the growing energy demands in the country, despite efforts to diversify into 

renewable energy sources. Coal remains a dominant component of Malaysia's energy 

mix due to its availability and cost-effectiveness (Malaysia Energy Information Hub) 

(IEA 2024b). The increase in coal consumption also indicates a corresponding rise in 

CFA production.  

According to statistics, approximately 600-800 million tonnes of coal fly ash 

(CFA) are produced globally each year. The USA and Europe contribute about 10% to 

this total, while India and China account for around 18% of global production. 

Currently, CFA is commonly stored in landfills, monofills (dedicated landfills for 

CFA), and ponds, or disposed of through simple stacking. However, these disposal 

methods pose significant environmental hazards due to the leachability, radioactivity, 
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and toxicity of CFA, leading to serious contamination of soil, natural water sources, and 

air. Additionally, these methods occupy vast areas of land, including fertile farmland, 

further exacerbating environmental and land use issues (Wang et al. 2020b). 

2.7.1 Coal fly ash (CFA) 

Coal-fired thermal power plants discharge a significant amount of CFA, which is a 

major component of solid waste. Electricity generation generates this by-product, 

resulting in an annual global production of 600 million tons of CFA. The temperature 

of the combustion process reaches a scorching 2000°C. At elevated temperatures, the 

majority of inorganic substances present in coal undergo melting and fusion. The 

chemical composition of CFA is dictated by the type of coal used and the specific 

temperature at which it undergoes combustion. The primary components of CFA 

include alumina, hematite, silica, calcium, magnesium, sodium, potassium, and 

titanium oxide. Mercury, cadmium, arsenic, cobalt, copper, lead, and chromium are 

substances that contribute to the poisonous nature of CFA (Aigbe et al. 2021).  

The physicochemical properties of ash residues from coal and biomass 

combustion vary significantly. According to the American society for testing and 

materials (ASTM), CFA residues are categorized into two types based on their chemical 

composition: class F and class C. Class F ash residues contain over 70% combined SiO2, 

Fe2O3, and Al2O3, and have a low lime content. In contrast, class C ash residues have a 

combined SiO2, Fe2O3, and Al2O3 content ranging from 50% to 70% and are high in 

lime. Table 2.4 and Table 2.5 display the characteristics and typical chemical 

composition spectra of several kinds of CFA (Aigbe et al. 2021). 

Table 2.4 Properties of CFA 

CFA Feature  Characteristic 
Value 

Colour  Greyish white 

Average size of the particle (mm)  10-100 

Specific gravity  2.1-3.0 

Bulk density (g/cm3) 0.90-1.70 

pH 6-8 

Source: Aigbe et al. 2021 
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Table 2.5 Chemical properties of various CFA 

Component 
(wt%)  

Bituminous  Sub-bituminous  Lignite  Anthracite 

SiO2 20.00-60.00  40.00-60.00  15.00-45.00  43.50-47.30 

Al2O3 5.00-35.00  20.00-30.00  10.00-25.00  25.10-29.20 

Fe2O3 10.00-40.00  4.00-10.00  4.00-15.00  3.80-4.70 

CaO 1.00-12.00  5.00-30.00  15.00-40.00  0.50-0.90 

MgO 0-5.00  1.00-6.00  3.00-10.00  0.70-0.90 

SO3 0-4.00  0-2.00  0-10.00  - 

Na2O 0-4.00  0-2.00  0-6.00  0.20-0.30 

K2O 0-3.00  0-4.00  0-4.00  3.30-3.90 

S 0.08-0.67  0.70-0.90  -  0.10-0.50 

TiO2 0.50-1.00  1.10-1.20  0.20-0.60  1.50-1.60 

LOI  0-15.00  0-3.00  0-5.00  8.20 

Source: Aigbe et al. 2021 

Researchers began investigating suitable techniques for reusing coal fly ash 

(CFA) in the 1970s to mitigate environmental contamination. The pozzolanic reactivity 

of CFA was discovered in the 1980s, revealing its potential as a raw material for 

construction. Since then, CFA has been used in the construction of roads, roadbeds, 

pavements, landscaping, and embankments, among other applications, leading to 

substantial reuse (Wang et al. 2020b). However, the amount of CFA reused remains 

less than the amount generated, with only about 30% being reused (Figure 2.7) (Larsen 

et al. 2016). Consequently, while these methods can alleviate some of the environmental 

pressures caused by excessive CFA production, pollution remains an unavoidable issue. 

Current research has increasingly focused on the synthesis of zeolites from 

silica-alumina-rich wastes such as fly ash, which can substitute for mineral resources 

and pure chemicals. Utilizing these resources, either directly or indirectly, not only 

decreases the expense of synthesizing zeolite but also minimizes environmental harm 

and improves the recovery of high-value CFA. Moreover, the presence of metal 

elements in fly ash facilitates the doping of certain metals, thereby enhancing the 

performance of the synthesized. Consequently, the use of silica- and aluminium-rich fly 

ash as a raw material for zeolite synthesis presents substantial potential for advancing 

the zeolite industry and effectively resolving the issue of fly ash reuse (Lin et al. 2022). 
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Figure 2.7 Production and utilization of CFA across the global 

Source: Srivastava et al. 2022 

2.7.2 Coal fly ash-zeolite synthesis 

The synthesis process often employs methods such as hydrothermal, solvothermal, or 

ionothermal. These processes require three essential steps for zeolite formation: 

supersaturation, nucleation, and crystal growth as shown in Figure 2.8. One common 

method for synthesizing zeolites is hydrothermal synthesis, which entails heating SiO2 

and Al2O3 aqueous solutions in an alkaline environment, usually in sealed containers, 

to produce autogenous pressure as the temperature rises. Additionally, the zeolite shape 

that is formed may be controlled by using templates that direct structure, such as organic 

molecules and certain cations. The pH of the reaction mixture, process temperature and 

pressure, equilibration time and duration, reaction mixture composition (including 

structure-directing cations), and any pretreatment utilized all affect the zeolite crystal 

morphology that results from the hydrothermal method (Król 2019) 
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Figure 2.8 Diagram of the coal fly ash zeolitization process 

Source: Belviso 2018 

Cundy and Cox introduced a well-regarded framework for the production of 

zeolites. This model elucidates the state of balance between an unstructured gel phase 

and a basic solution, resulting in the creation of the organized zeolite phase. The authors 

present a comprehensive examination of the thermodynamic and kinetic aspects of the 

processes that occur during zeolite synthesis. Based on their concept, the amorphous 

material achieves equilibrium with anions and cations in the solution, leading to the 

creation of a tiny region of localized order known as nucleation. The nucleated region 

expands by assimilating anions and cations from the solution, while the disordered 

phase dissolves further to maintain a state of balance with the solution. The key 

variables governing this synthesis process are temperature, alkalinity, Si/Al ratio, cation 

concentration, and time. The model provides a quantitative description of the impact of 

temperature on the rates of dissolution and reaction of Al and Si. It highlights a 

significant correlation between solution alkalinity and nucleation rate. Ostwald's rule of 

consecutive transformations elucidates the gradual replacement of early-forming, 

possibly meta-stable phases (such as zeolites A, X, or P) by more stable structures (such 

as sodalite) as time progresses. The breakdown of meta-stable zeolites is accelerated in 

alkaline solutions with higher hydroxide content, making this change particularly 

noteworthy(Buzukashvili et al. 2024). 

Fly ash-zeolite synthesis process predominantly employs hydrothermal and 

fusion methods, which are recognized for their effectiveness in this application. 

Hydrothermal synthesis involves treating fly ash with an alkaline solution at elevated 

temperatures, promoting the formation of zeolite structures. Fusion methods, on the 

other hand, entail the high-temperature melting of fly ash with a solid alkali, followed 

by dissolution in water, resulting in zeolite crystallization upon cooling. These methods 

are further optimized through the integration of microwave-assisted reactions, which 
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provide enhanced control over the reaction rate and zeolite morphology. Microwave-

assisted heating notably decreases the times of synthesis in comparison to traditional 

heating techniques, therefore enhancing the efficiency of zeolite production. This 

technological progress has facilitated the creation of several types of zeolites that are 

particularly engineered for extracting heavy metals from water (Buzukashvili et al. 

2024). 

A study by Makgabutlane et al. (2020b) investigated the synthesis of zeolite A 

from Class F South African coal fly ash using complete microwave irradiation. By 

varying the microwave synthesis time, irradiation power, and Si/Al ratio, the 

researchers aimed to optimize conditions for minimal impurities. The main finding was 

that increased microwave irradiation power and time significantly improved the 

crystallization of zeolite A by providing sufficient energy to dissolve Al and Si from 

the coal fly ash. The synthesized zeolite A demonstrated a BET surface area of 29.54 

m²/g and a cation exchange capacity of 3.10 mequiv/g, underscoring its potential for 

environmental remediation. Similarly, Murakami et al. (2023) synthesized mesoporous 

zeolites (20–100 nm) from coal fly ash using microwave heating. This method led to 

faster crystallization and the formation of larger pores compared to oil bath heating. 

Despite both methods achieving similar saturated ion adsorption performance, zeolites 

synthesized via microwave heating exhibited a higher ion adsorption rate. These studies 

highlight the critical role of hydrothermal and fusion methods in advancing zeolite 

synthesis from fly ash, emphasizing their potential to enhance the efficiency of heavy 

metal extraction. 

Research has extensively explored the potential applications of zeolites 

synthesized from fly ash, focusing on materials such as NaP1, 4A, X, KM, F, chabazite, 

herschellite, and faujasite, which possess high cation exchange capacity (CEC) due to 

their Al/Si ratio (Buzukashvili et al. 2024). Notably, Ściubidło and Majchrzak-Kucęba 

(2019) developed fly ash-based sorbents for capturing NO2 from exhaust gases at room 

temperature. They synthesized and modified Na-X, SBA-15, and MCM-41 with 

polyethylene glycol (PEG). Testing showed that zeolite Na-X-(FA) had the highest 

sorption capacity at 44.7 mg NO2/g. PEG impregnation improved SBA-15(FA)'s 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



55 

 

capacity from 1.6 to 3.2 mg NO2/g but reduced capacities for Na-X(FA) and MCM-

41(FA). The sorbents could be fully regenerated by heating to 100°C. 

In addition to traditional hydrothermal methods, developed an alternative 

technique involving the thermal treatment of CFA with a base and a salt. This process 

includes crushing and washing the cooled products to remove unreacted bases and salts, 

with the choice of salts significantly influencing the resulting zeolite structures, such as 

cancrinite formed with NaOH-KNO₃ and sodalite with NaOH-NaNO3 (Jha & Singh 

2016a). Despite its potential, the molten salt method, characterized by high-temperature 

requirements, long activation periods, and low selectivity for high CEC zeolites, has 

not seen widespread adoption among researchers (Buzukashvili et al. 2024). A 

summary of the methods used for synthesizing fly ash zeolites is provided in in Table 

2.6. Future sections will delve into recent studies that have employed popular synthesis 

methods for producing zeolites from CFA. 

2.7.3 Conventional hydrothermal method 

Several hydrothermal activation techniques were established in the 20th century to 

synthesize various coal fly ash-based zeolites (Längauer et al. 2021a; Liu et al. 2019; 

Wang et al. 2020c). Fly ash is combined with the NaOH or KOH solution in the one-

step hydrothermal process. The combination is then put into a sealed container. Zeolite 

is formed when crystallization takes place in water, which is the reaction medium under 

carefully regulated pressure and temperature conditions. Figure 2.9 illustrates a typical 

flow chart that outlines the many procedural stages needed to implement this process 

(Wang et al. 2024b). 

Liu et al. (2019) conducted a comprehensive study on the process of zeolite 

synthesis using the one-step hydrothermal approach. The study findings clarify that 

zeolite synthesis using this approach consists of three stages: 

1. Dissolution Stage: In an alkaline solution, the silicon and aluminum components of 

fly ash dissolve to generate silicate and aluminate ions. 
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2. Condensation Stage: An aluminosilicate gel is formed by the concentration of silicate 

and aluminate ions. 

3. Crystallization Stage: Zeolite is formed when the aluminosilicate gel crystallizes into 

crystal grains that progressively increase. 

Several parameters, such as reaction duration, Si/Al ratio, reaction temperature, 

and alkaline solution concentration, impact the efficiency and kind of zeolite generated 

during synthesis. Liu et al. (2019) conducted a follow-up study to investigate the impact 

of three important factors NaOH content, reaction duration, and reaction temperature 

on the production of type A zeolite. Their investigation produced a number of crucial 

observations: 

1. The Concentration of NaOH: Type A zeolite forms when the optimal sodium 

hydroxide concentration is used. 

2. The Temperature of reaction: The type and purity of zeolite depend on the reaction 

temperature. For instance, at 120°C, type A zeolite tends to produce sodalite. 

3. The Time of Reaction: Excessively extended reaction times lead to impurities in type 

A zeolite. 

The ideal parameters to produce type A zeolite with a 97.9% crystallinity were 

determined to be a NaOH concentration of 2.6 mol/L, a crystallization temperature of 

90°C, and a crystallization period of 6 h. Moreover, the ratio of Si/Al ratio has a 

substantial impact on the process of zeolite formation. Specifically, a Si/Al ratio of 

about 1 typically results in type A zeolite, a Si/Al ratio of 11.5 generally leads to type 

X zeolite, and a Si/Al ratio of 1.53 usually yields type Y zeolite (Lin et al. 2022). 

Although the one-step hydrothermal technique is the most straightforward and 

commonly employed, it has certain drawbacks. The minimal reactivity of mullite and 

quartz in fly ash hinders their involvement in the process, resulting in reduced purity 

and yield of the zeolite (Wang et al. 2024b). 
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Figure 2.9 Diagram of the traditional hydrothermal synthesis process 

Source: Jha et al. 2016 
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Table 2.6 A summary of the methods employed for synthesis of fly ash 

Method Liquid/Solid Reagent Temp. (°C) T (h) Zeolite Remarks  

Conventional 
hydrothermal 8 

NaOH, KOH, 
Na2CO3 

90–150 24–96 
Chabazite, Na-P1, Phillipsite, 
Sodalite, zeolite KH, 4A, A, P, 
Zeolite X, Y 

Low yield, low purity, 
structural 
heterogeneity 

Microwave 
Assisted 
hydrothermal 

8 NaOH 100 0.25-2 Na-P1 
Synthesis time very 
less 

Fusion and 
Hydrothermal 

10 

NaOH/or Sodium 
aluminate 

500-600 1-2 
Faujasite Na-A, Na-X, or zeolite X More yield 

Water 90–100 6 

Molten salt - 
KOH, KNO3, NaOH, 
NaNO3, NH4F, 
NH4NO3 

350 
3-6 Sodalite 

No addition of water, 
irregular morphology 

24 Cancrinite - 

 

Source: Jha et al. 2016 
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To overcome the challenges of producing low-purity zeolite using the one-step 

hydrothermal method, researchers have devised the two-step hydrothermal technique 

for synthesizing fly ash-based zeolite (Guo et al. 2020). This approach first extracts 

silicon and aluminum from fly ash through an initial hydrothermal reaction. Afterward, 

additional chemicals are used to modify the Si/Al ratio in the solution, and then a further 

hydrothermal reaction is conducted to synthesize the zeolite (Li et al. 2017). The 

procedure for synthesizing zeolite by the two-step hydrothermal approach is illustrated 

in Figure 2.10 (Lin et al. 2022). 

 

Figure 2.10 Hydrothermal Two-Step Zeolite Synthesis Process 

Source: Lin et al. 2022 

Iqbal et al. (2019) employed the two-step hydrothermal technique to produce fly 

ash-based 4A zeolite. The synthesized zeolite exhibited a markedly greater for both the 

specific surface area and thermal stability, in contrast, reduced crystal size in 

comparison to the commercial 4A zeolite. Likewise, Guo et al. (2020) utilized this 
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approach to produce nano-scale kaolinite zeolite, resulting in superior levels of purity 

compared to the one-step hydrothermal process. 

The two-step process for zeolite synthesis results in greater purity and yield 

compared to the one-step hydrothermal method (Sun et al. 2018). However, although 

the two-step hydrothermal process has some benefits, it encounters difficulties in 

effectively using the silicon and aluminium present in fly ash, resulting in the generation 

of significant quantities of waste liquid (Wang et al. 2024b). 

2.7.4 Fusion-assisted hydrothermal treatment 

To overcome the disadvantages of traditional hydrothermal activation, the fusion-

assisted hydrothermal method emerged as a suitable alternative. The modified method 

involves two distinct stages: first, a high-temperature fusion of a mixture of fly ash and 

alkali, followed by the subsequent hydrothermal activation of the fused product. The 

key factors in the studied process that can impact the quality and yield of the final 

product are the fusion temperature and duration, alkali type and concentration, and 

crystallization time. Research has shown that this method can achieve a zeolitic yield 

of up to 62% (Jha & Singh 2016b). Figure 2.11 displays a flow chart illustrating the 

synthetic process. 

In the fusion method, the initial stage often involves pretreatment, which is 

essential for extracting the primary precursors required for zeolite synthesis, 

particularly silica and alumina. This pretreatment aims to enhance the efficiency of the 

reaction and increase the yield of zeolite. During this stage, the inactive components in 

fly ash (quartz and mullite) undergo a reaction with an alkali reagent, often NaOH in 

powdered form, at a high temperature ranging from 550 to 600 ◦C (Szerement et al. 

2021). This reaction is described by the following equations: 

  (2.1) 

  (2.2) 

The following equation represents the subsequent stage, a conventional 

hydrothermal process: 
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(2.3) 

Berkgaut et al. (1996) investigated the use of two methods conventional 

hydrothermal treatment and fusion with NaOH for synthesizing zeolites from coal fly 

ash, comparing their effectiveness in terms of product types, cation exchange capacities 

(CEC), and the factors influencing the outcomes. The results indicated that the 

conventional hydrothermal treatment transforms coal fly ash into zeolite P and 

hydroxysodalite in a NaOH medium. This process sees quartz dissolve slowly while 

mullite remains stable, with the formation of zeolite P being favored by the presence of 

residual coal. The treated fly ash achieves a CEC that stabilizes around 250-300 

meq/100g. In contrast, the fusion method proves significantly more effective. An 

endothermic reaction at 170-180°C produces a new Na aluminosilicate, which then 

transforms into either zeolite P or zeolite X upon subsequent hydrothermal treatment at 

100°C. Zeolite X forms after aging the aluminosilicate gel, whereas zeolite P forms 

without aging. This method results in zeolites with higher CEC values of approximately 

400-420 meq/100g, indicating superior efficiency. The fusion process allows for precise 

control over the type of zeolite produced by manipulating the treatment conditions, 

leading to purer and more effective cation exchangers. 

In a study by Ren et al. (2020), a single-phase submicron zeolite Y (FAZ-Y3) 

was effectively synthesized from coal fly ash (CFA) using an alkali fusion hydrothermal 

method without the need for organic structure-guiding agents. The findings showed that 

the type and purity of the zeolite were heavily influenced by the preparation parameters, 

with zeolite P being the major competing phase. Optimized conditions resulted in FAZ-

Y3 with an average size of 250 nm, a specific surface area of 386.9 m2/g, and a 

crystallinity of 92.73% when prepared at 80°C for 12 h using an inorganic liquid-phase 

directing agent, showcasing excellent thermal stability. In acetone adsorption tests, the 

Langmuir and Bangham models aptly described the data, indicating internal diffusion 

as the primary resistance to mass transfer. FAZ-Y3 demonstrated an adsorption capacity 
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reaching approximately 82% of that of commercial zeolite Y (CZ-Y) and exhibited 

significant regenerability. 

 

Figure 2.11 Flowchart of fusion-assisted hydrothermal synthesis process 

Source: Jha et al. 2016 

In the study conducted by Küçük et al. (2023), NaP and LTA zeolites were 

synthesized from fly ash using an alkali fusion-assisted hydrothermal method, with 

variations in the NaOH/ash ratio, crystallization time, and temperature. To reduce costs, 

NaP zeolite was produced without additional aluminum and silicon sources. These 

zeolites were tested for the adsorption of Cu(II), Cd(II), Pb(II), and Zn(II) ions. 

Adsorption capacities followed the order Pb(II) > Cu(II) > Cd(II) > Zn(II) for both 

zeolite types. NaP zeolite achieved maximum adsorption capacities of 42.9 mg/g for 

Cu(II) and 117.3 mg/g for Cd(II), while LTA zeolite showed higher capacities of 140.1 

mg/g for Cu(II) and 223.5 mg/g for Cd(II).. 

SSZ-13 zeolite was synthesized from fly ash using a combined alkali fusion 

hydrothermal method. The optimal synthesis parameters were determined to be 

NaOH/FA=1.4, SiO2/Al2O3=50, H2O/SiO2=1800, TMAda-OH/Al2O3=7, 10% SSZ-13 

seed, with a crystallization temperature of 160°C and a duration of 40 h. Utilizing these 

conditions, a series of Fe-SSZ-13 catalysts were prepared through three distinct 
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methods and subsequently tested for their efficacy in catalytic oxidation with H₂O₂ for 

NO removal. The results indicated NO removal efficiencies of 78% for Fe-SSZ-13-

SSIE, 87% for Fe-SSZ-13-LIE, and 84% for Fe-SSZ-13-IM. The study concluded that 

the high catalytic performance was attributed to the dual functionality of strong 

Brønsted acidity on the catalyst surface and the presence of highly dispersed isolated 

Fe3+ ions, which facilitate the rapid decomposition of H2O2 into OH radicals, thereby 

enhancing NO oxidation. This study underscores the potential of utilizing fly ash-based 

catalysts for dual purposes of waste utilization and pollutant removal (Li et al. 2023). 

Petrovic et al. (2021) successfully synthesized nanoporous zeolite for CO2 

adsorption from industrial-grade biomass combustion fly ash, produced by one of the 

largest power plants in the UK. The synthesis followed a fusion-assisted hydrothermal 

method, and the resulting zeolite was characterized by X-ray diffraction. 

Thermogravimetric analysis (TGA) was used to evaluate CO2 adsorption capacity, 

showing that the nanoporous adsorbent, under 100 mol% CO2 at atmospheric pressure, 

achieved an equilibrium capacity of over 0.8 mmol CO2/g at 50°C. The characterization 

results aligned with the CO2 adsorption data, confirming the nanoporous structure of 

the synthesized zeolite. This study demonstrates the potential of converting industrial 

fly ash into effective CO2 adsorbents. 

Li et al. (2018) proposed a novel method to synthesize faujasite zeolite from 

coal fly ash (CFA) using microwave digestion and alkali fusion-assisted hydrothermal 

treatment. The optimal synthesis conditions included microwave alkali fusion for 15 

minutes at 450°C, stirring the suspension for 4 h at room temperature, followed by 

crystallization for 12 h at 90°C. The synthesized zeolite was then tested for Cd(II) 

removal from aqueous solutions. Optimal parameters for this process were an adsorbent 

dose of 0.5 g/L, pH 6, a contact time of 90 minutes, and an initial Cd(II) concentration 

of 20 mg/L, resulting in a removal rate of 98.55%. The maximum adsorption capacity 

for Cd(II) was determined to be 86.96 mg/g. Comparative studies indicated that the 

synthetic zeolite was a more efficient adsorbent for Cd(II) removal from wastewater. 

This microwave digestion and alkali fusion-assisted hydrothermal method proved to be 

an effective and energy-efficient technique for synthesizing zeolite from CFA. 
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Shabani et al. (2022) investigated the process of producing biodiesel, utilizing 

coal fly ash-based hydroxy sodalite (HS), as a catalyst in the conversion process. The 

HS zeolite was synthesized using a fusion-assisted hydrothermal method. The 

mesoporous zeolite synthesized has high crystallinity with a surface area of 45 m2/g. 

The efficacy of the F-HS catalyst in biodiesel synthesis was evaluated before and 

subsequent to ion exchange modification using KOH. The unaltered catalyst 

demonstrated an impressive biodiesel output of 84.10% with a fatty acid methyl ester 

(FAME) content of 65%, which satisfies the established biodiesel requirements. 

Nevertheless, the zeolite treated with KOH exhibited diminished crystallinity, 

mesoporosity, and surface area, resulting in a decreased grade of biodiesel with a mere 

51.50% percentage of fatty acid methyl esters (FAME). Remarkably, the coal fly ash-

based zeolite exhibited a higher level of effectiveness as a heterogeneous catalyst when 

compared to the traditional NaOH homogeneous catalyst. 

Yang et al. (2019) examined the effects of NaOH and Na2CO3 on the activation 

of fly ash prior to synthesizing high-purity A4 zeolite. Additionally, the removal 

efficiency of Cu2+ from aqueous solutions using the synthesized zeolite was assessed. 

The study identified several critical factors influencing the green synthesis of zeolite, 

including the alkali mixture ratio, alkali melting temperatures, solid-to-liquid ratios, and 

crystallization times and temperatures. Orthogonal test results underscored the 

importance of the alkali mixture ratio. By combining NaOH and Na2CO3 in a mass 

ratio of 1:2.8, the optimal conditions—temperature (760°C), solid/liquid ratio (1:5), and 

crystallization time (4 h) resulted in a maximum relative crystallinity of 75.8%. The 

superior results were attributed to the synergistic effect of Na2CO3 and NaOH, which 

provided an optimal concentration of OH- and Na+ ions and maintained a stable OH- 

concentration throughout the reaction process. This combination facilitated the highest 

activation of silicon and aluminum in fly ash, culminating in the highest degree of 

crystallization with minimal energy and water consumption. 

Murukutti et al. (2022) investigated the synthesis of pure nano zeolite-A and 

zeolite-X from coal fly ash (CFA) sourced from Indian thermal power plants. The 

synthesis process involved an alkali fusion method followed by a hydrothermal 

technique. Initially, the fly ash was fused with Na2CO3 at 800°C for 2 h. The resulting 
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fused mass was then treated with 3 M NaOH solutions and subjected to a hydrothermal 

reaction, producing zeolite-A and zeolite-X. The specific surface areas of zeolite-A and 

zeolite-X were determined to be 58.29 m2/g and 164.34 m2/g, respectively. TG-DTA 

studies revealed the transformation of nano-crystalline to micro-crystalline zeolites 

accompanied by the loss of adsorbed water. The synthesized nano-crystalline zeolites 

demonstrated high ion exchange capacities for Cs+ and Sr2+ ions in simulated nuclear 

waste solutions. 

The significant benefits and drawbacks of hydrothermal and fusion procedures 

are outlined in Table 2.7. 

Table 2.7 Advantages and disadvantages of a classic hydrothermal, fusion methods 

Method Advantages Disadvantages 

Hydrothermal 
method  

lower temperature of 
reaction, lower energy 
consumption 

more waste, 
relatively time- 
consuming, low 
conversion 

Fusion method  faster speed of reaction 
and purity of the final 
product, less waste 

high temperature, 
relatively expensive 

Source: Szerement et al. 2021 

Researchers have demonstrated an increasing interest in developing efficient 

and economical techniques for manufacturing Faujasite-type zeolite, given its extensive 

industrial applications, particularly in the chemical and petrochemical sectors. 

2.8 STRUCTURE OF CHITOSAN 

Chitosan is derived from the N-deacetylation of chitin, as depicted in Figure 2.12a. The 

ideal structure of chitosan, illustrated in Figure 2.12c, consists of glucosamine units 

linked through condensation. This structure forms a complex double helix with a pitch 

of 0.5 nm and six sugar residues per helix turn. The presence of abundant hydroxyl (-

OH), ether (-O-), and amino (-NH2) groups in chitosan's structure results in multiple 

intramolecular and intermolecular hydrogen bonds. Figure 2.12d illustrates the 

molecular model of chitosan, highlighting two types of intramolecular hydrogen bonds. 

These hydrogen bonds significantly affect chitosan’s solubility, viscosity, and 
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crystallinity. Additionally, chitosan is unique among polysaccharides due to its high 

content of primary amines, making it a rare polycationic polymer with a pKa of 

approximately 6.5 (Freitas et al. 2020). 

 

Figure 2.12 (a–c) Chemical structure of chitin and chitosan; and (d) intramolecular H 
bonds between chitosan (C: gray bar; O: red bar, N: blue bar; H: white 
bar, H bonding: purple dotted line) 

Source: Wang et al. 2022 

2.9 PREPARATION OF CHITOSAN 

Chitosan (CHS), unique among natural polysaccharides for containing an amino group, 

is derived from the deacetylation of chitin, a substance abundantly found in nature (Gu 

et al. 2019). Chitin is produced in quantities of approximately 10 billion tons annually, 

making it the second most abundant biopolymer after cellulose. It is primarily found in 

sources such as crab and shrimp shells, fungi, and insects (Ahmed et al. 2020). 

Preparing chitosan from crustacean shells involves four key steps: demineralization, 

deproteinization, decolorization, and deacetylation, as depicted in Figure 2.13a. The 

degree of deacetylation determines the nitrogen content in chitin, which ranges from 

5% to 8% (w/v), predominantly in the form of primary aliphatic amino groups similar 
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to those in CHS. Additionally, the presence of the primary and secondary hydroxyl 

group and amino/acetamido reactive functional groups as shown in Figure 2.13b 

imparts CHS with a superior ability to coordinate metals compared to other natural 

polymers used in adsorption (Liu et al. 2022). 

 

Figure 2.13 Schematic for the preparation of chitosan 

Source: Liu et al. 2022 

2.10 CHITOSAN-BASED MATERIALS PREPARATION  

Chitosan is commercially available in the form of either flake or powder. The material 

may be utilized in its original state or transformed into diverse structures, including 

nanofibers, micro/nano-spheres, membranes, and scaffolds, to suit various purposes. 

The process of modifying the structure of chitosan and its derivatives offers a wide 

range of possibilities for various applications, as outlined by Kassem et al. (2019). 

2.10.1 Microspheres 

Chitosan microspheres are relatively simple to produce and are utilized in a variety of 

applications, including adsorption, separation, and biosensing. A commonly used 

method for creating chitosan gel microspheres involves introducing droplets of 

dissolved chitosan into acetic acid into a precipitation solution, usually an alkaline 

solution. By controlling the size of the droplets, microspheres of different diameters can 
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be produced. For instance, dried microbeads formed using a medical syringe with a 

needle have an approximate diameter of 2 mm (Zhuang & Wang 2019). This technique 

requires minimal equipment, making it feasible in almost any laboratory setting. To 

improve the efficiency of chitosan microsphere production, spray-drying has been 

developed as an alternative method. This technique involves feeding a chitosan solution 

into a spray dryer, where the solution is atomized into fine droplets. As the solvent 

quickly evaporates, the chitosan solidifies into free-flowing particles (Zhang et al. 

2020b). 

2.11 MODIFICATION OF CHITOSAN 

Although chitosan (CHS) possesses strong adsorption capabilities, its applications are 

limited by its solubility in acidic environments, low mechanical stability, and low 

repeatability. Furthermore, structural challenges, such as low solubility in neutral media 

and the reduced positive charge of amino groups, hinder its broader use (Iqbal et al. 

2023). Recent improvements in chitosan derivatives and polymer complexes have led 

to improved properties. The synthesis of chemically modified chitosan involves using 

various active groups, such as amino, primary, and secondary hydroxyl groups, which 

provide significant benefits. Importantly, these derivatives maintain the inherent 

properties of chitosan while offering enhanced characteristics by integrating diverse 

modified active groups (Mutreja et al. 2020). 

Chemical modifications of CHS undergo to improve its solubility in water, 

enhance its rheological properties, and increase its stability against heat and oxidation. 

The reactive chemical groups in CHS include NH2 groups and OH groups located at 

positions C3 and C6. Generally, the primary OH group located in C6 is more reactive 

than the secondary OH group located in C3. Among the NH2 and OH groups, the NH2 

is more reactive due to its free rotational capability. To develop N-, O-, and N, O-

modified derivatives, chemical reactions can be performed on amino, hydroxyl, or both 

groups (Iqbal et al. 2023). Depending on the conditions, OH groups may undergo 

etherification, esterification, crosslinking, graft copolymerization, and O-acetylation. In 

contrast, NH2 groups may be modified through acetylation, quaternization, Schiff's base 
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reactions, and grafting (Wang & Zhuang 2022). Different methods for modifying CHS 

are illustrated in Figure 2.14. 

 

Figure 2.14 The chemical modifications of chitosan for various applications. 

Source: Iqbal et al. 2023 

The most straightforward way to modify polymers is through physical 

modification. This process usually involves blending or amalgamating two modifying 

agents to generate a new material with distinct physical properties. This mixing process 

aims to develop materials that exhibit optimal chemical, mechanical, structural, 

biological, and morphological characteristics. Compared to other available methods, 

this approach is considered practical and cost-effective, and it requires less time to 

implement (Iqbal et al. 2023). Physical modification generally involves combining 

chitosan (CHS) or its derivatives with organic or inorganic materials or transforming 

these components into different forms, such as porous particles, microspheres, gel 
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particles, fibers, and membranes, without altering the intrinsic features of CHS (Liu et 

al. 2022b), as illustrated in Figure 2.15. Modifying the physical properties of CHS can 

improve its ability to adsorb substances and address the challenges of separating solids 

from liquids after adsorption, as stated by Song et al. (2017). Physical methods, such as 

physical crosslinking and blending, are both convenient and effective for modifying 

polymers. 

 

Figure 2.15 The morphology of physically modified CHS composites(a) microspheres, (b) 
porous microsphere, (c) membrane, and (d) fiber/hollow fiber 

Source: Liu et al. 2022 

2.11.1 Physical crosslinking of chitosan 

Physical crosslinking provides a simple and effective technique for developing chitosan 

derivative hydrogels. This technique forms a three-dimensional network structure 

through physical interactions, including electrostatic interactions, hydrogen bonding, 

and hydrophobic forces, rather than relying on chemical bonds (Hu et al. 2019). These 

physical interactions exhibited reversibility features, and the sol-gel transformation in 

chitosan derivative hydrogels is generally affected by environmental factors such as pH, 

ionic strength, and temperature. Due to the absence of auxiliary crosslinkers, these 

hydrogels exhibit low toxicity. However, they often suffer from low mechanical 

strength and inconsistent properties, such as variable pore size. 

2.11.2 Blending 

The physical integration of chitosan with different substances results in the formation 

of chitosan-based composites that exhibit a variety of properties. Chitosan can be 

blended with various materials, including biomaterials, nanomaterials, carbonous 

materials, and zeolites. The key characteristic of chitosan composites is their ability to 

overcome the limitations of chitosan by incorporating the advantages of blended 

materials. The blending procedure typically involves the use of a chitosan hydrogel for 
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encapsulation. Specifically, chitosan solutions are mixed uniformly with various 

blending materials, followed by the sol-gel transition. Chitosan blending can involve 

additional techniques such as adsorption, crosslinking, and covalent grafting, depending 

on the properties of the co-blending ingredients (Wang & Zhuang 2022). 

A recent method for polymer modification, which involves the mechanical 

mixing of two distinct polymers, has resulted in the development of a new category 

referred to as polymer blends. These blends consist of physical mixtures of structurally 

distinct polymers or copolymers that interact through secondary forces, without forming 

covalent bonds, and are miscible at the molecular level. The miscibility of these 

polymer-polymer mixtures is often due to specific interactions such as hydrogen 

bonding, dipole-dipole interactions, and charge transfer complexes. Various techniques 

have been utilized to investigate the miscibility of polymer blends; however, many of 

these methods are complex, costly, and time intensive. Consequently, there is a growing 

demand for the development of simpler, more cost-effective, and faster approaches to 

evaluate polymer blend miscibility. The modification of polymers has attracted 

considerable attention due to their wide range of potential applications (Rajeswari et al. 

2020). 

Blends composed of synthetic and natural polymers can possess a diverse array 

of physicochemical properties, combining the processing capabilities of synthetic 

polymers with the biocompatibility and biological interactions of natural polymers. 

Natural polymers have been extensively studied as biotechnological and biomedical 

resources due to their distinctive attributes, such as nontoxicity, biodegradability, and 

biological compatibility. Blending natural polymers with chitosan presents a promising 

approach for modifying the properties of natural polymers and creating innovative 

composite materials derived from them (Wang & Zhuang 2022). 

Research has extensively focused on creating natural polymer-chitosan 

composites using various natural polymers, including starch (Karua & Sahoo 2020), 

collagen (Andonegi et al. 2020), proteins (Wang et al. 2020a), and natural rubber 

(Sukthawon et al. 2020). On the other hand, the modification of chitosan by synthetic 

polymers is of great interest due to their notable characteristics. It can improve 
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properties such as flexibility, conductivity, water retention, and mechanical strength 

while preserving biodegradability and sorption performance. 

2.12 CHITOSAN-ZEOLITE MATERIALS 

Advanced technological cycles rely on microporous and mesoporous minerals. 

Naturally occurring microporous materials are valued for their biocompatibility and 

renewability. Zeolite, a prominent microporous hydrated aluminosilicate mineral 

containing alkali metals, is commercially available for adsorption and catalyzation 

applications. However, its efficiency can be reduced due to the large volume of water 

that occupies the active sites of the zeolite. Chitosan, a widely utilized polysaccharide, 

has found applications in various fields, particularly in medicine, though its limited 

mechanical properties have restricted its use. Chitosan/zeolite composites offer 

enhanced properties compared to the individual parent materials, making them suitable 

for a wide range of applications. The combination of microporous and biocompatible 

materials, featuring both positive and negative charges, micro/nanopores, and improved 

mechanical properties, provides a promising platform for diverse applications 

(Mahmodi et al. 2020). 

The distinctive characteristics of chitosan-modified zeolite composites add to 

their versatility and potential significance. Significantly, these composites have an 

increased surface area, which allows for a higher concentration of active sites that 

enhance adsorption and catalytic efficiency. Furthermore, the mechanical 

characteristics of chitosan, such as its pliability and robustness, collectively augment 

the overall mechanical durability of the composites. Moreover, the natural compatibility 

of chitosan makes it possible to use these composites in various biomedical applications 

without causing any negative consequences, thereby broadening their potential 

spectrum of use. 

Selecting suitable synthesis methods is crucial for customizing the structures 

and characteristics of chitosan-modified zeolite composites. Several techniques, such 

as in situ synthesis, impregnation, template-assisted synthesis, and surface 

modification, have been employed to fabricate these composites. The choice of the 

synthesis method significantly influences critical parameters, including the composite 
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morphology, pore size distribution, and interfacial interactions between chitosan and 

zeolite. By meticulously optimizing the synthesis parameters, researchers can attain 

precise control over composite properties, thereby enhancing the desired characteristics 

for specific applications (Mahmodi et al. 2020). 

2.13 APPLICATIONS OF CHITOSAN-ZEOLITE COMPOSITE 

The diverse uses of chitosan-modified zeolite composites highlight their adaptability 

and their potential influence on society. Within the realm of environmental engineering, 

these composites have demonstrated remarkable efficacy in several applications, 

including air purification, wastewater treatment, and soil remediation. Their remarkable 

adsorption capacity and ion-exchange capability allow for efficient elimination of 

pollutants from air and water sources. Furthermore, chitosan-zeolite composites 

demonstrate significant catalytic activity, making them valuable in a range of industries, 

such as petrochemicals and fine chemicals. Moreover, their ability to interact well with 

living organisms and their ability to release substances in a controlled manner makes 

them highly favorable options for drug delivery systems. They also show great potential 

in other biomedical fields, including tissue engineering and wound healing. 

Applications of chitosan/zeolite composites are summarized in Table 2.8 

 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



74 

 

Table 2.8 Zeolite/chitosan frameworks and their applications. 

Material  Applications  Comments Reference 

Clinoptilolite zeolites-chitosan-magnetic 
Fe3O4 

Mercury from liquid 
condensate 
hydrocarbon 

The removal of mercury from liquid condensate hydrocarbon exhibited a 
notable enhancement of up to 30% when utilizing zeolite modified with 
chitosan, compared to pristine clinoptilolite zeolite. 

(Kusrini et al. 
2017) 

Zeolite/chitosan Removal of arsenic Enhanced hydrophobicity thanks to the enlargement of the pore size of the 
membrane upon the addition of zeolite content. 

(Mukhopadhyay 
et al. 2019) 

Zeolite/chitosan/bentonite/active carbon Removal of cadmium Enhanced soil pH and decreased biological effectiveness of heavy metals. (Yi et al. 2019) 

Chitosan-coated Na–X zeolite from fly 
ash 

Removal of arsenic The removal of arsenic was significantly performed by the formation of bonds 
of As–N and As–O. Moreover, the surface hydroxyl group of Al–OH and –
NH2 facilitated arsenic removal from wastewater. 

(Han et al. 
2019) 

Zeolite/Chitosan/polyvinyl alcohol Adsorption of methyl 
orange 

Nanofiber mechanical properties can be tuned by zeolite. adsorption 
mechanism obeys the Freundlich model. pH reduction enhanced adsorption. 

(Habiba et al. 
2018) 

Zeolite/chitosan/PVA Adsorption Nanofiber removed Cr (VI), Fe (III), and Ni (II) ions from wastewater. (Habiba et al. 
2017) 

Fly ash-zeolite-chitosan Adsorption of heavy 
metal ions 

Removal of chromium (VI) from the acidic mine drainage (Thacker et al. 
2023) 

Magnetic ZSM-5 
zeolite/chitosan/polyacrylonitrile 

Absorption Nanofiber-coated sponges facilitated water-oil separation for many cycles. (Samadi et al. 
2017) 

Zeolite Y-chitosan Catalyst Mesoporous substrate enabled for CO2 fixation. (Kumar et al. 
2018) 

Zeolite X loaded in PLA/chitosan 
nanofiber 

Drug release Doxorubicin was loaded in zeolite and following the Fickian diffusion release 
mechanism. 

(Abasian et al. 
2019) 

Zeolite-loaded alginate/chitosan Wound dressing Hydrogel beads used as a topical hemostat. Promote blood coagulation via 
multiple mechanisms: erythrocyte adhesion, factor concentration, and the 
ability to serve as a mechanical barrier to blood loss. 

(Fathi et al. 
2018) 

Source: Mahmodi et al. 2020 
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2.14 REGENERATION OF EXHAUSTED ADSORBENTS 

During the adsorption process, the adsorbent eventually becomes fully saturated as all 

adsorption sites are occupied, leading to equilibrium. At this point, the adsorbent is 

considered exhausted or spent (Patel 2021). This spent adsorbent presents a significant 

drawback, as it becomes a solid hazardous waste that is often disposed of in landfills, 

contaminating underground and surface water sources (secondary pollution problems). 

In some regions, spent adsorbents are incinerated, causing additional environmental and 

societal issues. Although spent adsorbents can be repurposed for uses such as fertilizers, 

catalysis, feed additives, biologically active compounds, and nanoparticle synthesis, 

these applications are not environmentally sustainable (Baskar et al. 2022). 

This solid waste problem can be addressed through various regeneration 

processes. The regeneration of adsorbents is influenced by multiple factors, including 

the type of adsorbent used, the characteristics of the adsorbate, the interactions between 

the adsorbate and adsorbent, the specific treatment process employed, and the overall 

cost of regeneration. Common techniques for sorbent regeneration include the use of 

thermal energy (Márquez et al. 2022), microwave irradiation (Gagliano et al. 2021), 

ultra-sonication (Daghooghi-Mobarakeh et al. 2020), dielectric barrier discharge 

plasma (Kandel et al. 2022), and other methods. However, some of these techniques 

have notable drawbacks. For instance, some methods require long durations and high 

energy consumption, while others cause irreversible changes to the structural, chemical, 

and physical properties of the sorbents. The conditions of regeneration, such as 

temperature, pressure, and humidity, play a crucial role, especially for adsorbates with 

a high affinity for the adsorbent. 

For example, compounds with high molecular weights, like n-dodecane a 

nonpolar volatile organic compound (VOC) with a high boiling point (216°C) and a 

small kinetic diameter (4.3 Å) can easily penetrate the micro-pores of adsorbents. In 

such cases, regeneration becomes particularly challenging because these bulky 

compounds cannot easily desorb from narrow micro-pores. This process necessitates 

harsh treatments, such as high temperatures and pressures, to remove the sorbed 
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adsorbate from the adsorbent (Dutta et al. 2019). Table 2.9 outlines these processes, 

highlighting their advantages and disadvantages. 

Table 2.9  Advantages and disadvantages of various adsorbent regeneration processes 

Regeneration Method Advantages  Disadvantages 

Thermal regeneration Efficient Highly expensive, Degrade the 
pores of adsorbent, Time 
consuming, Create air pollution 

Supercritical fluid 
extraction 

Efficient, Less time 
consuming  

Highly expensive, Degrade the 
pores of adsorbent 

Biological method Efficient, Less time 
consuming, Eco-friendly 

Very slow, Block the pores of 
adsorbent, Only applicable for 
biodegradable pollutants 

Advance oxidative 
method 

Efficient Highly expensive, Degrade the 
pores of adsorbent, Time 
consuming 

Micro-wave 
regeneration 

Efficient, Less time 
consuming, Eco-friendly 

Highly expensive, Degrade the 
pores of adsorbent, Required 
further treatment 

Ultrasound regeneration Efficient, Less time 
consuming, Eco-friendly 

Highly expensive, Degrade the 
pores of adsorbent 

Ozonation  Efficient Highly expensive, Degrade the 
pores of adsorbent, Formation of 
acidic surface, Required before 
treatment 

Source: Patel 2021 

One cost-effective and efficient method for regenerating adsorbents is 

desorption, which reverses the adsorption process. Desorption studies provide valuable 

insights into the nature of adsorption, whether physical or chemical. These studies also 

assess the adsorbent's performance for future use, helping to reduce the overall cost of 

the adsorption process. There are two main types of desorption: 

1. Thermal Desorption: This method uses heat to perform desorption. While it is fast 

and efficient, it is also very expensive. Additionally, it requires pre-treatment, can 

release hazardous contaminants, involves unsafe process parameters, and faces 

regulatory and public perception challenges. 

2. Chemical Desorption: This approach is environmentally sustainable, inexpensive, 

very fast, and highly promising with great potential. 
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This section highlights that solid waste disposal, including waste adsorbents, 

remains a global issue. Regenerating spent adsorbents is essential for eliminating 

hazardous solid waste and promoting sustainable development. Solvent desorption is 

considered the most favorable option due to its cost-effective and efficient regeneration 

process (Patel 2021). 

2.15 DESORPTION 

The process of desorption involves the treatment of used adsorbent materials with either 

a solution, a solvent, or a combination of both. This treatment disrupts the bond between 

the adsorbent and the adsorbate, allowing the adsorbate to be released from the solution. 

After this treatment, the adsorbent is ready to undergo another cycle of adsorption. The 

eluting agent, which can be a specific solution or solvent, plays a crucial role in this 

desorption process. The process can be executed using either batch or column 

methodologies. 

1. Preliminary Rinsing: Initially, the spent adsorbent is rinsed with water to remove 

impurities. 

2. Application of Eluting Agent: 

The application of an eluting agent can be carried out using either the batch or column 

method. In the batch method, the spent adsorbent is mixed with the eluting agent, 

agitated at a specific speed, and maintained at a set temperature for a predetermined 

period. In the column method, the eluting agent is passed through the spent adsorbent 

at a controlled flow rate, which is slower than that used in previous adsorption trials. 

This slower flow rate ensures effective desorption by minimizing the volume required 

for regeneration. 

3. Final Washing: The treated adsorbent is thoroughly rinsed with water to eliminate 

any residual eluting agent. 

4. Preparation for Reuse: The adsorbent is then conditioned for subsequent adsorption 

cycles. 
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The complete sequence of adsorption, leading to the creation of spent adsorbent, 

followed by desorption to regenerate fresh adsorbent, is defined as one cycle. Multiple 

cycles are performed during experimental procedures to facilitate the reuse of the spent 

adsorbent and to assess the efficiency of the desorption process as described by 

Machado et al. (2024). 

In the context of adsorption-desorption processes, the evaluation of adsorbate 

(pollutant) behavior involves measuring both the quantities of adsorbed and desorbed 

substances. After each cycle, two key parameters are assessed: 

Firstly, desorption efficiency (percentage of desorption) is determined, which 

indicates the proportion of the adsorbed pollutant successfully desorbed during the 

desorption phase. This is calculated by taking the ratio of the desorbed adsorbate 

quantity to the initial amount adsorbed and expressing it as a percentage. Secondly, the 

quantity of desorbed adsorbate is quantified, which represents the absolute amount of 

pollutant released from the adsorbent material, measured in milligrams per gram (mg/g). 

This value provides insights into the desorption process's effectiveness and the 

adsorbent's capacity to release the pollutant. Mathematically, these parameters are 

expressed as follows: 

  (2.4) 

  (2.5) 

where, Cdes represents the concentration of the desorbed adsorbate in milligrams 

per gram (mg/g), Cads denotes the concentration of the adsorbed adsorbate in milligrams 

per gram (mg/g), m is the amount of adsorbent in grams (g), and V is the volume of the 

desorbing solution in liters (Machado & Mulky 2024). 

Desorption efficiency serves as a crucial metric for assessing the potential reuse 

of adsorbents. Over multiple cycles, there is a general trend of diminishing desorption 

efficiency and a reduction in the adsorbent's mass. This observation leads to the 

conclusion that desorption, which inverses the adsorption process, can be readily 
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executed in both laboratory and industrial environments. Additionally, the reusability 

of the regenerated adsorbent is evaluated through simple equations and by examining 

the number of desorption cycles implemented. 

2.15.1 Eluent 

The eluent is crucial in the desorption process, as the efficiency of separating the 

adsorbate from the spent adsorbent is contingent upon the type of eluent used. Eluents 

facilitate the detachment of bound adsorbates from the exhaust adsorbent. In essence, 

the term "eluent" refers to the carrier component of the mobile phase, either in liquid or 

gas form, utilized in chromatography. The eluent propelled the analyte through a 

chromatographic system. Additionally, eluents have applications in organic chemistry 

for extraction purposes. During desorption, the eluent was instrumental in dislodging 

the adsorbate from the exhausted adsorbent. 

Critical criteria for selecting an appropriate eluent include its compatibility with 

both the adsorbate and adsorbent, its efficacy in breaking the adsorbate-adsorbent bond, 

the pH of the eluent, its complexing capabilities, and its organic modifier content. 

Several parameters, including the type and concentration of the eluent, the desorption 

method (batch or column), the volume, and the pH, are critical in selecting the 

appropriate eluent. Eluent choice, whether anionic, cationic, or organic solvent, depends 

on the specific adsorbate-adsorbent system being analyzed (Patel 2022). The eluent 

concentration was optimized to avoid structural damage to the exhausted adsorbent that 

could result from excessive concentrations, whereas lower concentrations may 

decelerate the desorption rate and necessitate a higher volume of eluent. The volume of 

elution correlates well with the breakthrough volume, facilitating the accurate 

determination of excess adsorption isotherms for organic eluent components on 

different materials without requiring specialized equipment. Additionally, the pH of the 

eluent is a crucial factor affecting desorption efficiency, as it influences the charges on 

both the eluent and solute ions. The ion exchange process is particularly significant in 

this context (Baskar et al. 2022). 
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In conclusion, solvent desorption involves the use of an eluent or solvent to 

break the bonds between the adsorbate and adsorbent, and a range of parameters 

influence the effectiveness of this desorption process. 

2.16 REGENERATION OF CHITOSAN-BASED ADSORBENTS 

Chitosan-based composites have been extensively and successfully utilized as 

adsorbents; however, there is a risk that the adsorbed pollutants may leach into the 

environment after the adsorption process. Once saturated, these adsorbents become 

toxic and are not easily biodegradable. Therefore, it is crucial to fully recover spent 

chitosan adsorbents before disposal to prevent environmental contamination. The strong 

affinity of chitosan-based composites for a range of inorganic and organic contaminants 

suggests that the regeneration process may be slow. Therefore, regenerating exhausted 

chitosan adsorbents is crucial for the efficient and environmentally friendly removal of 

contaminants from water and their cost-effective application on a large scale (Vakili et 

al. 2019a). 

The selection of an appropriate method for regenerating adsorbents depends on 

the characteristics of both the adsorbent and the adsorbate, factors such as costs and 

processing requirements. Thus, the chosen regeneration strategy should be 

environmentally sustainable, straightforward to implement, profitable, efficient, and 

capable of facilitating the reuse of the spent adsorbent (Vakili et al. 2019a). 

The regenerability of chitosan-based adsorbents is influenced by several factors, 

including low mechanical stability, chemical instability, and biodegradability 

associated with chitosan. Despite the drawbacks of thermal and biological regeneration 

methods, specific limitations of chitosan further impact its suitability for adsorbent 

regeneration. Notably, chitosan exhibits high sensitivity to elevated temperatures, 

rendering it unsuitable for prolonged exposure to heat (Rodrigues et al. 2020). 

Additionally, the presence of oxidizable or hydrolyzable bonds within the chitosan 

backbone makes it susceptible to biodegradation by microorganisms (Stoleru et al. 

2017). 
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From practical and economic perspectives, chemical treatment emerges as a 

preferred approach for regenerating saturated chitosan-based adsorbents. This method 

involves washing the adsorbents with a suitable desorption agent or eluent. Chemical 

regeneration offers simplicity, convenience, effectiveness, and cost-effectiveness. 

Various chemicals can serve as desorption agents, facilitating the release of specific 

species from spent adsorbents (Shahadat & Isamil 2018). 

An appropriate eluent for regenerating chitosan-based adsorbents should 

efficiently recover the adsorbent, enabling its reuse in adsorption. In addition, this agent 

should not be expensive, harmful to the environment, or destructive to chitosan-based 

adsorbents, and can restore the physical and adsorption properties of chitosan close to 

the original state. Thus, selecting an appropriate eluent with effective desorption 

features is crucial for successfully desorb and regenerating exhausted adsorbents. 

Researchers have explored various eluants, including acids, alkalis, salts, and organic 

solvents, which have been utilized in different investigations for efficient desorption 

and regeneration of chitosan-based adsorbents, thereby recovering adsorbate molecules 

(Abdulrasool et al. 2021). 

Solubility, a fundamental chemical property, characterizes the capacity of a 

solute to dissolve within a solvent. Notably, dyes exhibit solubility in organic solvents, 

rendering solvent-based desorption agent’s viable choices for liberating dyes from 

adsorbents. Among these agents, organic compounds such as acetone and alcohols 

(specifically ethanol and methanol) have demonstrated successful desorption of various 

dye types from chitosan-based adsorbents (Vakili et al. 2019b). 

Methylene Blue (MB) loaded on magnetic chitosan nanoparticles modified with 

N,N-bis(carboxymethyl) glutamic acid (G-MCTS) was regenerated using ethanol, 

double-distilled water, and acetone solutions (Zhu et al. 2016). Among these desorption 

agents, ethanol demonstrated the highest efficiency, exceeding 90%. Consequently, 

regeneration experiments were conducted using ethanol for five cycles, during which 

the adsorption capacity showed minimal decline in the first four cycles. 
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In further investigations, an ethanol/ammonia solution (volume/volume ratio of 

3:2) was utilized for the regeneration of magnetized chitosan-coated lignocellulose fiber 

(CHS/LCF) following the adsorption of Acid Red 18 (AR 18). Remarkably, the 

adsorption rate during the initial cycle reached 99.5%, and this high efficiency was 

sustained at 99.9% even after ten consecutive cycles (Zhou et al. 2016). In a separate 

investigation conducted by Gul et al. (2016) acetone was employed to regenerate 

magnetic chitosan crosslinked with graphene oxide (Fe3O4-GO), which had been 

saturated with Methyl Violet (MV) and Alizarin Yellow R (AY). Following four cycles 

of regeneration, the adsorption rate exhibited a decrease of 4.2% for MV and 10.5% for 

AY. In particular, the dye removal efficiency for MV diminished from 89.1% in the 

initial cycle to 84.9% by the fourth cycle, while for AY, it declined from 65.6% to 

55.1% during the same period. 

The efficiencies of adsorption and desorption generally decline as the number 

of regeneration cycles increases. This reduction may be attributed to the occupied 

adsorption sites with strongly bound molecules. Further, the effect of pH on the 

degradation and dissolution of chitosan can alter its structure, thereby affecting the 

performance of chitosan-based adsorbents during regeneration. Enhanced adsorption 

effectiveness typically correlates with higher desorption efficiency due to the larger 

quantity of adsorbed molecules. However, it is essential to recognize that a single 

desorption agent typically targets a specific type of adsorbate to recover it rather than 

multiple species. The use of such agents can mitigate secondary pollution and reduce 

waste by facilitating the recovery, reuse, or recycling of materials, which can then be 

utilized as raw inputs in other industrial applications (Vakili et al. 2019b). 
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CHAPTER III  
 
 

ALKALINE FUSION-ASSISTED HYDROTHERMAL SYNTHESIS OF ZEOLITE X 
FROM MALAYSIAN FLY ASH FOR EFFICIENT NICKEL AND VANADIUM IONS 

REMOVAL 

3.1 INTRODUCTION 

Zeolites are a promising alternative to activated carbon as an adsorbent for heavy 

metals. Zeolites are cost-effective and selective and have been used to purify water since 

the 19th century (Yuna 2016). Zeolites are aluminosilicates with a hydrated crystalline 

structure and a 3D atomic arrangement (Jin et al. 2021). They have high porosity, 

surface area, and are easily functionalized, making them attractive for use in various 

fields, including wastewater treatment, the petroleum industry, environmental 

applications, research catalysis, and ion exchange (Yadav et al. 2021). There are 234 

different types of zeolites that have been found so far. The International Zeolite 

Association gave each of these crystalline microporous materials a unique three-letter 

code, such as BEA (Zeolite Beta), FAU (Faujasite), MOR (Mordenite), and so on. These 

types are different in structure and how they behave. About 20 of these zeolites are used 

in industry, but only five are known as the "Big Five." The term "Big Five" refers to the 

five most commercially significant zeolites in the industry. These five zeolites BEA 

(Beta), FAU (Faujasite), FER (Ferrierite), MOR (Mordenite), and MFI (ZSM-5) are 

called the "Big Five" because they are the most widely used and studied due to their 

unique structural and chemical properties. These properties make them particularly 

effective in various industrial applications such as catalysis, adsorption, and ion 

exchange. Their widespread use and versatility in industrial processes have earned them 

this designation (Narayanan et al. 2020). Due to the limited applications of natural 

zeolite, many attempts have been made to obtain zeolite in the laboratory. 

Environmental considerations influence the current trend regarding zeolite synthesis, 

necessitating the use of natural or waste-derived raw materials in the process (Król 

2020). 
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In recent years, extensive research has been conducted on faujasite zeolites (X 

and Y) due to their application in separation and catalysis engineering within the 

petrochemical sectors. Differentiating between zeolites X and Y, which share a similar 

XRD pattern, relies on their varying compositional ratios (SiO2/Al2O3). Specifically, 

zeolite X maintains a Si/Al ratio of 1 to 1.5 (Koop-Santa et al. 2024), while zeolite Y 

possesses a Si/Al ratio exceeding 1.5 (Reiprich et al. 2022). 

Zeolite Na-X is characterized by a standard unit cell composition Na86 [(AlO2)86 

(SiO2)106] mH2O, accompanied by a pore measurement of 0.74 nm. The building units 

of zeolite X are formed when Si and Al tetrahedra are coupled to form a sodalite unit, 

which has the shape of a truncated octahedron having square and hexagonal faces (refer 

to Figure 2.3). Despite having a wide array of applications, the principal utilizations of 

zeolite X pertain to catalysis, gas and organic component purification and separation, 

cation exchange, and adsorption. Because zeolite Na-X is used in extensive industries, 

researchers are interested in synthesis from a diverse range of unconventional source 

materials (El Bojaddayni et al. 2023). 

Coal is a significant energy source, contributing 22% to global energy 

consumption (Ren et al. 2020b). The burning of coal in power plants creates by-products 

including, coal fly ash (CFA) and coal bottom ash (CBA) (Fukasawa et al. 2017). CFA 

represents over 70% of these by-products, with an estimated production of 700 million 

metric tons annually, which may increase with the growing electricity demand. In 2016, 

Malaysia produced approximately 6.8 million tons of CFA from six coal-fired power 

stations (Ghazali et al. 2019). However, the storage of CFA can lead to dust emissions 

and groundwater contamination, which pose health risks. Apart from the health and 

environmental concerns, the disposal process incurs high costs (Curpen et al. 2023). 

The composition of CFA varies based on the coal used in the process. siliceous CFA, 

known as class F, consists of over 70% SiO2, Al2O3, and Fe2O3/Fe3O4 oxides (present 

as quartz, mullite, and hematite/magnetite), with less than 10% CaO. In contrast, class 

C, or calcareous CFA, contains 50% SiO2, Al2O3, and Fe2O3/Fe3O4 oxides, with CaO 

content exceeding 10% (Wang et al. 2021a). The use of CFA in zeolite synthesis has 

garnered attention due to Several considerations, including waste recycling, 
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valorization, versatile applications, and enhanced properties (Dere Ozdemir & Piskin 

2019; Um & Jeon 2021). 

So far, various methods, including hydrothermal treatment (one-step), fusion 

followed by hydrothermal treatment (two-step), molten salt treatment, microwave 

irradiation, and ultrasound technique, have been utilized for synthesizing zeolites, 

depending on the required zeolite type, with the first two methods being the most 

common (Tauanov et al. 2020). The primary limitation of the hydrothermal method is 

that it achieves a zeolite phase yield of just 20–60 wt.% because only a small portion of 

the coal fly ash undergoes reaction (Längauer et al. 2021a; Yang & Park 2019). In 

contrast, alkaline fusion is crucial for producing high-purity silicate and aluminosilicate 

by dissolving the crystalline phases in the ash used for synthesis. Compared to 

hydrothermal synthesis, the zeolite produced through the indirect method is highly pure 

(Belviso 2018). The zeolite production process includes alkaline calcination, ageing, 

and crystallization. The product type depends on the parameters at each stage, like time, 

temperature, and ratio of reaction components (Aldahri et al. 2017; Sivalingam & Sen 

2019). 

Many studies have been conducted to prepare high-purity zeolite, with 

researchers focusing on enhancing various parameters such as crystallization time, 

temperature, NaOH concentration, etc. The concentration of NaOH has a significant 

effect on the purity of synthesised zeolite. The base concentration determines the 

composition of the molar ratio of the prepared primary gel and subsequently influences 

the structural composition, morphology, and particle size distribution of the zeolite 

samples. This finding is consistent with the study by Najafi et al. (2022), which 

concluded that pH adjustment leads to the controlled binding of precursor components 

and the controlled synthesis of nanoparticles. Therefore, optimizing this parameter is of 

paramount importance. Furthermore, the particle size in the low alkaline range is 

smaller than in the high alkaline pH range. Therefore, particles within the low alkaline 

range are extremely fine, and their modifications from the initial stages of the synthesis 

process until just before gel formation are negligible due to the low concentration of -

OH ions within this pH range. The size of precursor particles expands as the pH 
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increases due to the heightened concentration of -OH ions at a basic (alkaline) pH, 

leading to an accelerated rate of hydrolysis (Rahmani-Azad et al. 2022). 

The main objectives of this chapter are: 

1. To synthesize high-purity zeolite type X utilizing the fusion-assisted 

hydrothermal method from Malaysian treated coal fly ash, employing a two-step 

pretreatment process. 

2. To assess the efficiency of synthesized zeolite X in removing Ni²⁺ and V⁵⁺ ions 

under various parameters, including initial ion concentrations, zeolite dosage, 

contact time, pH, and the presence of co-existing ions. 

In subsequent sections, the chapter will elaborate on the methods used to 

characterize the structure of both raw and treated fly ash-derived zeolites, employing 

various analytical techniques such as N2 adsorption/desorption, Fourier transform 

infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray 

fluorescence spectroscopy (XRF), and X-ray diffraction (XRD). Furthermore, the 

chapter will analyze isotherm and kinetic data to provide a comprehensive 

understanding of the adsorption mechanism. 

3.2 EXPERIMENTAL 

3.2.1 Chemicals 

The Tenaga Nasional Berhad (TNB) Thermal Power Co., Ltd. supported the research 

by providing raw coal fly ash (RCFA). Sodium hydroxide (NaOH) and nickel (II) nitrate 

hexahydrate (Ni(NO3)2.6H2O, purity >99 %) were purchased from R&M, Malaysia. 

Cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O, purity >99 %), Lead(II) nitrate 

(Pb(NO3)2, purity >99 %) and, ammonium metavanadate (NH4VO3, purity ≥99.0% )  

were purchased from Merck, Malaysia. Concentrated hydrochloric acid (HCI, 85–87 % 

purity) was purchased from Merck & Co., USA. All reagents were analytically pure 

without further purification. Deionized water used in this study was supplied by 

Millipore water purification system. 
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3.2.2 Pretreatment process of RCFA 

a. Separation of the magnetic fraction of RCFA 

The treatment involves sequential steps, beginning with drying RCFA at 100°C for 24 

h, followed by manual crushing to prepare the material for further processing. A sieve 

with a mesh diameter of 250 μm was employed to achieve consistent particle size, 

ensuring uniformity. Afterward, the RCFA was calcinated at 800°C for 90 min to 

eliminate residual unburned carbon. Subsequently, a mixture of fly ash and water was 

prepared, with a ratio of 1: 2 fly ash-to-water, and mechanically stirred for 3 h to achieve 

thorough homogenization. To magnetic fraction separation, using a magnet with a 

removable plastic cover to isolate the magnetic fraction from the raw ash. The plastic 

cover was subsequently separated from the magnet, washed to eliminate magnetic 

remnants, and the magnetic separation was iteratively performed until all magnetic 

particles are effectively extracted from the raw ash material. The non-magnetic fraction 

(NCFA) was dried at 100°C and stored at room temperature until use. 

b. Acid-washing treatment of non-magnetic fraction of coal fly ash (NCFA) 

Firstly, 20 g of NCFA was added to HCl with a 20% w/w acid concentration, 

maintaining an acid/CFA ratio of 20 mL acid per g of NCFA. The mixture was stirred 

continuously at a rate of 300 rpm at a temperature of 90°C for 2 h. The solid sample 

was then filtered from the acid solution and washed iteratively with deionized water 

until the solution reached a neutral pH. The sample was dried overnight at 110°C and 

labelled as (TCFA) for further use. 

3.2.3 Synthesis of zeolite X from row coal fly ash (RCFA) and treated coal fly ash 
(TCFA) 

Zeolite is produced without adding templates or seeds, using RCFA, sodium hydroxide, 

and water. Initially, a uniform mixture of RCFA samples and sodium hydroxide was 

prepared in a mass ratio of 1:1.2. Subsequently, this mixture was subjected to 

calcination at 550°C for 1.5 h to activate the silicon and aluminum elements. Next, 

deionized water and the alkali-melted solid were mixed in a liquid-solid mass ratio of 

5:1. The suspension was stirred at room temperature for 16 h before being transferred 
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to a Teflon-lined high-pressure reactor and sealed. The homogeneous solution was 

maintained in a hot air oven, without stirring, for 6 to 24 h at temperatures ranging from 

80 to 100°C. Finally, the solution was thoroughly washed with DI water (Deionized 

water) to eliminate excess sodium hydroxide. Afterwards, it was filtered and dried 

overnight at 110°C. Figure 3.1 represents the flow chart for the synthesis process. 

 

Figure 3.1 Flowchart of synthesis procedure 

3.2.4 Instruments and material characterization 

X-ray fluorescence spectroscopy (XRF) was used to determine elemental analysis, 

employing a Philips PW2404 spectrometer with a rhodium tube, scintillation counter, 

and LiF 200 crystal, operating at 50 kV and 70 mA. The analysis was conducted on 

RCFA, treated CFA samples, and synthesized zeolites. Powder X-ray diffraction (XRD) 

was utilized to analyze the crystallography and structural properties of RCFA, fused 
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CFA, and synthesized zeolites using a model XRD-6000 Shimadzu diffractometer. The 

diffractometer had a scan speed of 4°C/min and a 2 range of 5° to 40°. Field emission 

scanning electron microscopy (FESEM) was performed with a LEO-1455 VP electron 

microscope to estimate the surface morphology of RCFA, fused CFA, and synthesized 

zeolites. 

Fourier-transform infrared spectroscopy (FT-IR) was conducted using a Perkin 

Elmer (PC) Spectrum 100 FT-IR with a resolution of 4 cm-1 and a range of 300–4000 

cm-1 to characterize the chemical functional groups of the synthesized zeolites. The 

Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods were 

applied using a Thermo–Finnigan Shopmatic 1990 series N2 sorption analyzer to 

measure the specific surface area and pore distribution of RCFA and synthesized 

zeolites. Samples were degassed for 12 h at 150°C to remove dirt or moisture, and N2 

adsorption and desorption were analyzed in a vacuum chamber at -196°C. 

Thermogravimetric analysis (TGA) was carried out using a TGA 1000i (Instrument 

Specialists Inc, USA) to determine the thermal stability of synthesized zeolites. The 

samples were heated from 25°C to 600°C in an alumina crucible to remove 

contaminants and moisture. 

The magnetic properties of RCFA and treated CFA samples were studied using 

a vibrating sample magnetometer (VSM) from Quantum Design, USA. The pH and 

conductivity of solutions containing raw CFA and synthesized zeolites were measured 

by mixing 0.3 g of sample with 25 mL of deionized water, shaking for 24 h, filtering, 

and then using a pH meter (LAQUA Model PH1100) and conductivity meter (BEL 

Engineering Model W12D). Loss on Ignition (LOI) was measured for synthesized 

zeolites by heating samples in an oven at 110°C for 24 h and in a muffle furnace at 

900°C for 4 h, with results expressed as a percentage of weight loss based on a 0.5 g 

sample weight. 

Finally, Microwave Plasma Atomic Emission Spectroscopy (MP-AES) was 

used to determine the concentration of metals in solutions using a TAS-990 (Beijing). 
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3.3 BATCH ADSORPTION EXPERIMENTS 

Simulated petroleum wastewater containing either Ni2+ or V5+ ions was prepared by 

dissolving the appropriate metal salts in deionized water. The adsorption behavior of 

these metals using zeolite X-TCFA was studied through batch experiments conducted 

at room temperature. Several parameters were systematically examined, including the 

initial concentration of metal ions, contact time, adsorbent dose, solution pH, and the 

effect of competing ions. 

To explore the impact of metal ion concentration, the nickel ion levels in the test 

solution ranged from 50 mg/L to 300 mg/L, and vanadium ion levels ranged from 10 

mg/L to 100 mg/L, simulating the concentrations found in real wastewater. The 

synthetic zeolite X-TCFA dose and contact time were kept constant at 0.1 g and 180 

min, respectively. To determine the optimal contact time, samples were taken at 

intervals between 15 and 240 min, with metal concentration fixed at 100 mg/L and 

adsorbent dose at 0.1 g. 

The adsorbent dose of zeolite X-TCFA varied from 1 to 10 g/L to assess the 

effect of adsorbent loading, while the metal concentration and contact time remained 

constant at 100 mg/L and 180 min. The influence of pH on adsorption was evaluated 

across a pH range of 2 to 12, using 0.1 M HCl and NaOH for adjustments. The 

selectivity of zeolite X-TCFA for Ni2+ and V5+ was tested in the presence of competing 

ions (Co2+and Pb2+) at concentrations of 10 mg/L, 50 mg/L, and 100 mg/L. 

After the adsorption experiments, the samples were centrifuged at 4000 rpm for 5 min, 

and the concentrations of metal ions in the supernatant were measured using microwave 

plasma atomic emission spectroscopy (MP-AES). 

The following information about Ni2+ or V5+ removal rate (%) and adsorption 

capacity (mg/g) is based on equations (3.1) and (3.2): 

  (3.1) 

  (3.2) 
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where C0 and Ce represent the concentrations of heavy metal ions in the solution 

before and after adsorption (mg/L), respectively. V represents the volume of heavy 

metal solution that is used (L), and m represents the amount of adsorbent that is utilized 

(g). 

3.4 RESULTS AND DISCUSSIONS 

3.4.1 Elemental analysis and crystallographic structure of RCFA, TCFA, and synthetic 
zeolites X 

Research into the zeolitization of fly ash has revealed that the composition of fly ash is 

a crucial factor in the production of zeolite X (Zhang et al. 2022a). Table 3.1 presents 

the XRF results for RCFA, indicating that it primarily consists of SiO2 (54%), followed 

by Al2O3 (24%), Fe2O3 (10%), and trace amounts of Na2O, CaO, and MgO. These 

findings aligned closely with a study conducted by (Gong et al. 2021), which also 

reported a high concentration of amorphous aluminosilicate in RCFA. RCFA contained 

a significant amount of silicon (Si) and aluminum (Al), making it an excellent starting 

material for producing zeolite X. Notably, the weight percentages (wt.%) of SiO2, 

Al2O3, and Fe2O4 were all greater than 70%, which classified this RCFA as a Class F 

type, as per the specifications outlined in ASTM C618-84 (Yang et al. 2019b). Joseph 

et al. (2020) suggested that Type-F RCFA was likely produced by the combustion of a 

mixture containing anthracite and bituminous coal. It is worth noting that the findings 

presented in Table 3.1 closely aligned with the optimal Si/Al ratio of 1 to 2, as specified 

by the international zeolite association for producing zeolite X from fly ash (Längauer 

et al. 2021). Furthermore, it was observed that the Si/Al ratio decreased to less than 2 

for the TCFA due to the pretreatment processes. The findings suggested that 

pretreatment processes can adjust the Si/Al ratio in a manner conducive to targeted 

zeolite synthesis. The silicon-to-aluminum ratio significantly influenced the ion 

exchange capacity of a given zeolite because it dictated the number of exchangeable 

cations within the framework's pores. A lower Si-to-Al ratio resulted in a greater charge 

imbalance within the framework, but it also led to more M+ counter ions, which 

balanced this charge imbalance (Zambare et al. 2019). 
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Table 3.1 Chemical composition of RCFA, NCFA, TCFA and zeolite X synthesized 

Material/ 
elemental 

(%) 

SiO2 Al2O3 Fe2O3 Na2O CaO MgO SiO2/Al2O3 

RCFA  54.42 24.14 10.11 0.45 4.21 1.18 2.25 

NCFA 59.21 29.92 1.12 0.38 3.31 0.71 1.97 

TCFA 63.33 35.41 0.22 0.21 0.5 0.43 1.78 

Zeolite 
X-RCFA 

44.71 29.82 8.58 13.62 4.30 1.26 1.50 

Zeolite 
X-TCFA 

43.51 30.19 0.18 22.71 0.21 0.12 1.44 

The VSM analysis in Figure 3.2 indicated the presence of magnetic species in 

RCFA. RCFA exhibited the highest saturation magnetization value in the magnetic 

hysteresis loop compared to NCFA and TCFA. The results suggest a significant 

presence of ferromagnetic iron oxides in RCFA. The significance of the magnetic 

separation process becomes evident when comparing the magnetization (Ms) values of 

the RCFA and the NCFA. Notably, the MS value decreased from 2.19 to 1.51, and this 

reduction persisted even after acid treatment, with the Ms value reaching 1.43 for 

TCFA. The effect of acid washing can be seen through the dissolution of the salt oxides 

present in the composition of the CFA, where the concentration of most of the metal 

oxides decreased and reached less than 2%, as indicated by the results of the XRF 

analysis, and this indicates the effectiveness of the acid used in the treatment process. 

Another benefit of the treatment process was adjusting the silicon-to-aluminum ratio in 

the prepared zeolite composition. The ratio was ideal (1.44) for TCFA-derived zeolite 

X and slightly higher (1.50) for RCFA-derived zeolite X. An increase in the 

concentration of sodium oxide (Na2O) indicated the success of the zeolite preparation 

process. The rise in sodium ions within the synthesized zeolite's composition was 

attributed to the alkali fusion of fly ash with sodium hydroxide during preparation 

(Koshlak 2023). 
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Figure 3.2 Magnetization curves of (a) RCFA, (b) NCFA, and (c) TCFA.
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Figure 3.3a displays the X-ray diffraction pattern of RCFA. The figure revealed 

that RCFA predominantly consists of quartz (SiO2), mullite (3Al2O3.2SiO2), magnetite, 

and hematite, which aligned with the chemical composition of RCFA. Additionally, the 

XRD spectrum exhibited a broad hump between 20° and 40°, indicating the presence 

of amorphous glassy material. The inclusion of NaOH in the fly ash fusion process 

introduced additional Na+ cations, which are recognized for their role in stabilizing the 

sub-building units within the zeolite framework during fly ash zeolitization. 

Furthermore, the OH- ions from NaOH served as mineralizing agents, facilitating the 

depolymerization of the silicon content in fly ash minerals into monomeric species. The 

increase in sodium oxide content resulted from the solid-state reaction between RCFA 

and NaOH, resulting in the dissolution of the most common mineral phases in RCFA: 

quartz and mullite, and produces new mineral phases, including sodium aluminate and 

sodium silicate, as illustrated in Figure 3.3b and Equation (3.3). The new phase, known 

as fused RCFA, was easily grindable and exhibited a bright green colour, with previous 

studies confirming its ready solubility in both water and alkaline solutions (He et al. 

2020). 

  (3.3) 

Based on the findings of prior studies on synthesizing zeolite X from fly ash 

using the alkaline fusion method followed by hydrothermal crystallization, it becomes 

evident that this approach is the most selective for the desired zeolite. Furthermore, 

crystallization temperature and time were the synthesis process's most influential factors 

(Korpa et al. 2021). Figure 3.3c, and d presented the effect of synthesis temperature and 

time on the production of zeolite X from fused RCFA. XRD diffractograms (Figure 

3.3c) illustrate that when hydrothermal synthesis was conducted at 90 °C (fixed 

crystallization time 12 h), a pure phase of zeolite X-RCFA was successfully 

synthesized. However, at temperatures exceeding 90°C, the crystalline of zeolite X 

diminished, leading to its transformation into a more stable phase known as sodalite, at 

temperatures below 90°C, no change was observed in the fused ash phases. This lack 

of change indicated that the temperature was not high enough to facilitate the 

transformation of the existing phases in the fused ash into zeolite crystals. Concerning 

the duration of crystallization, it was noticeable that zeolite X formed with a limited 
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degree of crystallinity under 12 h. However, when the synthesis time was extended to 

24 h, an unidentified contaminant phase co-crystallized alongside zeolite X. To compare 

and demonstrate the effectiveness of the treatment processes on the type of zeolite 

produced, the optimal conditions employed for preparing zeolite X from RCFA were 

used to synthesize zeolite from TCFA. Figure 3.3e displays the X-ray diffraction 

patterns of the TCFA-derived zeolite X, revealing a significant increase in crystallinity 

and the absence of peaks of contaminated phases. 

 

Figure 3.3 XRD patterns showing (a) RCFA, (b) fused RCFA, effect of (c) 
crystallization temperature, (d) crystallization time on synthesis zeolite X 
using RCFA, (e) zeolite X-TCFA, and (f) zeolite X-RCFA. 
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The NaOH present in the reaction mixture acts as an activator during the fusion 

process to form soluble silicate and aluminate, further took part in zeolite formation 

during hydrothermal treatment, and adjusted the sodium content of raw material. The 

amorphous phase characterizing the chemical/mineralogical CFA composition easily 

dissolved into an alkaline solution, and sodium ions stabilized the sub-building units 

(especially the six-member ring) of zeolite frameworks, mainly during hydrothermal 

processes. Insufficient content of alkali might lead to minimal extraction of alumino-

silicates from fly ash which adversely affected the crystallization process(Korpa et al. 

2021). 

The effect of the TCFA to NaOH ratio on the crystallinity of the resultant 

zeolites was studied by varying the ratio from 1:0.8 to 1:1.6 g/g and shown in Figure 

3.4. It can be seen from Figure 3.4 that the crystallinity of X zeolite changed from 

58.13%-85.29% and reached a maximum at 1:1.2 g/g. The more NaOH added to the 

mixture during fusion, the higher the production of Na-salt soluble in water, which led 

to enhanced crystallinity of zeolite produced in subsequent stages (Bai et al. 2018). 

However, when the alkalinity in the system was too high (1:1.6), it was not favorable 

for the stable existence of crystal nucleus during the crystallization process because the 

alkalinity could activate the decomposition of Si and Al to sodium silicate and aluminate 

in the framework or could form sodalite instead of zeolite. Therefore, the TCFA to 

NaOH ratio was optimized at 1:1.2 g/g. 

The solid-liquid ratio is a crucial factor for the synthesis of zeolites, which 

affects the zeolite formation rate, silica-alumina ratio, and product particle size. Figure 

3.5 shows the effect of the solid-liquid ratio (1:3 to 1:9 g/mL) on the crystallinity of the 

synthetic zeolites. It can be found that the crystallinity of the X-type zeolite increased 

first and then decreased with the increasing amount of deionized water. At low 

alkalinity (solid-liquid ratio, 1:9 g/mL), a poor crystallized X phase was observed since 

the low concentration of hydroxyl ions could not depolymerize the silica source to 

provide sufficient solubilized aluminosilicate species to form nuclei. On the contrary, 

high alkalinity (solid-liquid ratio, 1:3 g/mL) reduced the crystallinity remarkably, 

probably due to the dissolution of the already-formed crystals in excess hydroxyl ions 

(Bai et al. 2018). 
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Figure 3.4 XRD patterns of the products obtained with different TCFA to NaOH ratios 
(fusion temperature, 550°C; solid-liquid ratio, 1:5 g/mL; crystallization 
temperature, 90°C; crystallization time, 12 h) 

Furthermore, less solvent may have led to changes in the amount of extracted Si 

and Al species, impacting the Si/Al ratio of the fused fly ash synthesis slurry and 

resulting in a mixed phase zeolitic product. Therefore, it was crucial to control the 

amount of deionized water in the system to ensure the reactants formed Na-X zeolite. 

The Na-X zeolite with high crystallinity (89.75%) can be obtained when the solid-liquid 

ratio was 1:5 g/mL. 
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Figure 3.5 XRD patterns of the products obtained at different solid-liquid ratios (fusion 
temperature, 550°C; ash to NaOH ratio, 1:1.2 g/g; crystallization temperature, 
90°C; crystallization time, 12 h) 

3.4.2 Validation of zeolite X structure 

The results from SEM analysis of RCFA and zeolite X-RCFA offer valuable insights 

into the morphological changes during the synthesis process. The images in Figure 3.6a 

show the spherical shape of the RCFA particles, which aligned with previous studies 

(Yadav et al. 2022). This phenomenon was explained by the cooling effect during 

solidification. Additionally, the smooth surface of CFA particles can be attributed to the 

presence of an amorphous glass phase (Alterary & Marei 2021). The primary goal of 

the fusion process, aimed at dissolving crystalline phases resistant to dissolution under 

ambient conditions, was successfully achieved. SEM images, in agreement with the 

XRD results, substantiated these findings. Figure 3.6b illustrated the transformation of 

the spherical RCFA particles into a porous, agglomerated mass following fusion. The 

SEM image in Figure 3.6c revealed that zeolite X-RCFA exhibited well-formed 

pyramidal octahedral-shaped crystals accompanied by some intergrowth crystals. In 

comparison, zeolite X-TCFA (Figure 3.6d) showcased well-defined individual crystals 

of zeolite X particles without intergrowth, highlighting the impact of pretreatment 

processes that enhance the degree of crystallinity and purity in zeolite X-TCFA. 
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Figure 3.6 SEM micrographs of (a) RCFA (b) fused RCFA with NaOH (c) synthetic zeolite X 
RCFA (d) synthetic zeolite X -TCFA at 90˚C for 12 h. 

Figure 3.7 illustrates the N2 adsorption-desorption isotherms and pore size 

distribution of RCFA, zeolite X-RCFA, and zeolite X-TCFA. According to the IUPAC 

classification, the isotherms of all three materials were categorized as type IV with type 

H4 hysteresis loops, indicative of mesoporous structures (Pei et al. 2019). The pore-size 

distribution analysis revealed that RCFA and zeolite X-RCFA predominantly consisted 

of mesopores (20–50 nm) with minor microporosity (60–150 nm). On the other hand, 

the hysteresis loop in the isotherm indicates the pore structure and shape of the 

synthesized zeolite. The loop’s shape (H4 type) of zeolite X-TCFA was associated with 

narrow slit-like pores. The pore size distribution curve in Figure 3.7 f indicated that the 

synthesized zeolite X from TCFA has a narrow range of pore diameters, predominantly 

in the 2-20 nm range. The presence of pores in this size range further supported the 

mesoporous character suggested by the isotherm. The high purity of zeolite X 

influenced the formation of these mesoporous structures (Panitchakarn et al. 2014) 

where zeolite derived from TCFA exhibited an optimal mesopore distribution and a 

large surface area. The specific surface area of RCFA was 4 m2/g, whereas zeolite X-

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



100 

 

RCFA and zeolite X-TCFA exhibited values of 115 m2/g and 452 m2/g, respectively. 

This substantial increase in specific surface area in the synthesized zeolite X was 

attributed to the texture of the zeolite micropores. Additionally, the surface area of 

zeolite X-TCFA was fourfold larger than that of zeolite X-RCFA, owing to the higher 

crystallinity of zeolite X-TCFA (Sakthivel et al. 2013). 

 

Figure 3.7 N₂ adsorption-desorption isotherms and pore size distributions for (a, b) RCFA, 
(c, d) zeolite X-RCFA, and (e), (f) zeolite X-TCFA. 
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Figure 3.8 shows the FT-IR spectra of zeolites X-RCFA and TCFA. The bands 

at 450 and 668 cm-1 were attributed to the bending vibration and symmetric stretching 

vibration modes of Si-O or Al-O bonds, respectively. The band at 561 cm-1 was assigned 

to the stretching vibration of Al-OH. The band around 750 cm-1 was considered the 

stretching mode of tetrahedral atoms. The intense vibration bands at 980 and 1650 cm-

1 belonged to Si-OH and H-OH bonds (Murukutti & Jena 2022). Comparative FT-IR 

analysis revealed that the FT-IR bands observed in zeolite X-RCFA and X-TCFA were 

similar, suggesting identical building blocks. These results confirmed the successful 

synthesis of zeolite from both types of fly ash used. Furthermore, FT-IR spectral data 

can identify any contaminant phases that might have crystallized alongside the desired 

zeolite phase. Since the purity of the product is our primary concern, particular attention 

was focused on the double ring vibration bands (500–650 cm-1), which indicated 

potential contaminant phases that may have co-crystallized with zeolite X. Furthermore, 

the comparison between the spectra of both products revealed an additional peak in the 

spectrum of zeolite prepared from raw fly ash (Zeolite X-RCFA) at a wavelength of 660 

cm-1. This additional peak was attributed to one of the pollutant phases (such as Zeolite 

A and P) co-crystallizing with the desired phase during growth. Conversely, the absence 

of contaminant phase bands in the zeolite X-TCFA spectra confirmed the successful 

synthesis of high-purity, single-phase Zeolite X using TCFA. The disappearance of the 

peak around 1500 cm−1 for ZX-TCFA was likely attributed to the removal of impurities 

during the pretreatment process. Previous studies have indicated that the formation of 

bands near 1500 cm−1 in zeolitization products was due to the presence of -C=O and/or 

C-H bonds in carbonates. These bonds are associated with impurities within the 

synthesized zeolites (Yadav et al. 2021). Therefore, the absence of this peak in ZX-

TCFA suggested that the pretreatment effectively removed these carbonate-related 

impurities, leading to a purer zeolite product. 
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Figure 3.8 FT-IR spectra of synthetic zeolite X-RCFA and zeolite X-TCFA 

3.4.3 Physical properties (pH, conductivity, humidity, loss of ignition (LOI) and thermal 
stability) of RCFA, zeolite X-RCFA and zeolite X-TCFA 

The pH of the three samples falls within the alkaline range (as shown in Table 3.2). The 

alkalinity of fly ash can be attributed to the interaction of mineral cations, such as 

calcium, potassium, and others, with anions like hydroxide and carbonates. In contrast, 

the prepared zeolite exhibited a higher alkaline pH than the fly ash, primarily because 

of the presence of hydroxyl groups substituted onto the active sites within the zeolite 

structure due to the hydrothermal treatment with NaOH during the synthesis process 

(Seki et al. 2019). Regarding conductivity, it was worth noting that fly ash exhibited 

low conductivity despite its high content of positive ions, attributed to unburned carbon 

particles, considered non-conductive material. Conversely, the conductivity of zeolite 

derived from treated ash was lower than that of its counterpart derived from raw ash. 

This phenomenon was primarily attributed to the high purity and crystallinity of the 

former zeolite, in consistency with the results of the XRF analysis (Shi et al. 2021a). 

The loss of ignition in CFA was typically caused by unburned carbon and unstable 

mineral phases at high temperatures (Liu et al. 2021a). According to the humidity 

analysis, the RCFA contained 2.8% moisture, which can be attributed to the presence 

of unburned carbon (as indicated by the LOI analysis, which showed a 1% unburned 

carbon content) that readily absorbed water from the atmosphere. On the other hand, 
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the synthesized zeolites, with their large surface area and porous structure, exhibited 

weight loss due to the loss of water molecules adsorbed on the surface in the cavities of 

their crystals (Wang et al. 2022). 

Table 3.2 Physical properties of RCFA, zeolite X- RCFA and zeolite X-TCFA 

Material Physical properties 

pH Conductivity 
(μS) 

Loss of 
ignition (%) 

Humidity 

RCFA 7.8 548.0 1.00 2.88 

Zeolite X-RCFA 9.3 974 25 - 

Zeolite X-TCFA 9.0 712 20 - 

The CFA-derived zeolite may find applications involving high temperatures or 

heat treatment during regeneration. Therefore, it was essential to determine the thermal 

stability of the products. Furthermore, the main objective of this study is to determine 

the quality of zeolite derived from CFA. Previous studies indicated that the critical 

factor in the process of preparing was the degree of crystallinity and the percentage of 

conversion of CFA into zeolite (ratio of reactants to products) (Tauanov et al. 2020). 

Figure 3.9 displays the TGA analysis of the synthesized zeolites. The results 

indicated that zeolite X-RCFA and X-TCFA lost approximately 25% and 20% of their 

weight as the temperature increased from 40°C to 200°C. This weight loss was 

attributed to releasing free and physically bound water from the zeolite pores (He et al. 

2020). Notably, zeolite X-TCFA exhibited a 5% lower weight loss than zeolite X-

RCFA, likely because zeolite X-TCFA possessed a larger external surface area and a 

more favorable mesoporosity distribution. (Musyoka et al. 2015). Additionally, the 

significant weight loss observed in zeolite X-RCFA could be attributed to a high 

concentration of cationic species, such as Ca2+ and Mg2+, instead of Na+ within the 

zeolite framework, potentially leading to a pore-filling effect (Majchrzak-Kucȩba 

2013). 
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Figure 3.9 TGA and DTG curves of (a) zeolite X-RCFA and (b) zeolite X-TCFA at 
heating rate of 10°C/min in oxygen 

3.5 ADSORPTION STUDIES 

As-synthesized X zeolites, as well as fly ash samples were utilized for the adsorption of 

Ni and V ions to determine the adsorption capacity of those materials. Figure 3.10 

shows the superior adsorption capacities of zeolites X towards heavy metals compared 

to fly ash samples and, simultaneously, the treated samples compared to untreated ones. 

The adsorption capacities and removal rates of targeted metals varied due to differences 

in the SiO2/Al2O3 ratio in the synthesized zeolites, as well as differences in the purity 

(Sivalingam & Sen 2018b). Conversely, the data depicted a notable enhancement in the 

efficacy of ion removal facilitated by the synthesized zeolite compared to the precursor 

material, fly ash. This improvement was ascribed to disparities in the structural 

composition and surface area between the two materials. 

Since zeolite X-TCFA showed better purity with pyramidal octahedral structure, 

high surface area, and lower Si/Al ratio hence, the removal of metal ions Ni2+ and V5+ 

was carried out using zeolite X-TCFA. 
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Figure 3.10 The impact of treatment processes on the removal efficiency of nickel and 
vanadium ions utilizing fly ash samples and synthesized zeolites 

3.5.1 Impact of initial concentration 

An essential factor in removing heavy metals using zeolite is the initial concentration 

of ions in their aqueous solutions. The initial concentration significantly influenced the 

removal rate and adsorption capability of Ni2+ and V5+, as illustrated in Figure 3.11a, b, 

respectively. It was observed that the rate of Ni2+ ion removal steadily decreased as the 

initial concentration of Ni2+ ions increased. When the initial concentration ranged from 

50 to 100 mg/L, the removal rate exceeded 95%. However, when the concentration was 

increased to 200 mg/L, the removal rate dropped to 83%. This decrease in removal rate 

indicated that as the concentration of Ni2+ ions increased, the rate at which the 

adsorption sites on the zeolite surface are utilized also increased, thereby reducing its 

capacity for adsorbing Ni2+ ions (Han et al. 2019). Similarly, as the concentration 

increased, the rate of V5+ ion removal decreased. At lower concentrations (10–50 ppm), 

zeolite X-TCFA removed approximately 50% of the vanadium ions, but this figure 

dropped to 15% at higher concentrations. The decline in the removal rate can be 

attributed to the increased presence of V5+ ions in the solution, limiting ion transfer on 

the zeolite surface due to a lack of accessible adsorption sites (Gan et al. 2020). 
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Figure 3.11 Effect of initial concentration of metal ions (a) nickel and (b)vanadium  

3.5.2 Impact of contact time 

The removal rate of Ni2+ and V5+, as well as the adsorption capacity, are shown to 

change over time in Figure 3.12a and b, respectively. The findings are depicted in Figure 

3.12a, indicated that the adsorption of Ni2+ by zeolite X-TCFA is a dynamic process 

that progressed through several stages before arriving at an equilibrium state. In the first 

hour, there was a rapid increase in the rate of removal of Ni2+ as well as in the capacity 

of adsorption. However, the growth rate slowed down from 60 to 180 min, eventually 

reaching equilibrium at 180 min. The adsorption of V5+ on zeolite X-TCFA also showed 

a similar trend to the adsorption of Ni2+. The concentration of V5+ decreased rapidly 

within the first 60 min and reached a maximum at 210 min. Afterward, the adsorption 

stabilized at 240 min (Figure 3.12b). Based on the results, the attachment of Ni2+ and 

V5+ ions to zeolite X-TCFA occurred in two stages: a fast stage and a slow stage. During 

the fast stage (the first 60 min), the rate of removal and the capacity to absorb Ni2+ and 

V5+ ions increased rapidly. This rapid increase was attributed primarily to the abundance 

of vacant active sites on the surface of zeolite and the high concentration of Ni2+ and 

V5+ ions in the solution (He et al. 2020). As the adsorption process progressed, the 

concentration of Ni2+ and V5+ ions in the solution decreased, and the active sites on the 

surface of zeolite X-TCFA became occupied. Consequently, it became more 

challenging for ions to migrate from the solution to the surface of the zeolite X-TCFA. 

With increasing contact time, the adsorption rate gradually diminished until it reached 

equilibrium (Murukutti & Jena 2022). In subsequent experiments, the optimal 

adsorption times for Ni2+ and V5+ were determined to be 180 min and 240 min, 

respectively. 
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Figure 3.12 Effect of contact time (a) nickel and (b) vanadium 

3.5.3 Impact the zeolite X-TCFA dosage 

The rate of removal and adsorption capacity of Ni2+ and V5+ varied with the amount of 

zeolite added, as depicted in Figure 3.13a and b. According to the adsorption curve, as 

the zeolite dose increased from 1 g/L to 6 g/L, there was an increase in the rate of Ni2+ 

removal while the adsorption capacity declined. This trend can be attributed to the 

growing number of active sites resulting from the increased amount of zeolite, leading 

to a rapid increase in Ni2+ removal (Aljerf 2018), albeit at the expense of the overall 

adsorption capacity. At a dose of 10 g/L, the removal rate stabilized at 99.3%. 

Simultaneously, the adsorption capacity was limited to 9.93 mg/g due to the 

overcrowding of zeolite particles and the overlapping of adsorption sites. The impact of 

zeolite X-TCFA dosage on the removal of V5+ ions were also assessed using a solution 

concentration of 50 mg/L, with varying zeolite amounts ranging from 1 to 10 g/L. The 

results indicated that the removal efficiency of V5+ ions by zeolite X-TCFA increased 

with an increasing zeolite dose, reaching up to 60% at 6 g/L. Beyond this point, the 

adsorption efficiency slightly decreased but remained stable with further increases in 

zeolite X-TCFA dosage, as depicted in Figure 3.13b. To optimize the utilization of 

zeolite while ensuring the effective removal of Ni2+ and V5+, the amount used in the 

following experiments is 6 g/L. 
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Figure 3.13 Effect of adsorbent dose (a) Nickel and (b) Vanadium 

3.5.4 Impact of pH solution 

The pH level of the solution can have a significant impact on the adsorption 

experiments, highlighting its importance as an essential factor to consider (Zhu et al. 

2018). The pH influenced the valence and concentration of heavy metal ions in aqueous 

solutions, as well as the surface chemistry of adsorbents (Wang et al. 2018). Figure 

3.14a and b depict the impact of solution pH on the adsorption capacity and removal 

rate of Ni2+ and V5+ ions. Increasing the pH of the Ni ions solution from 2 to 7 resulted 

in a significant increase in both adsorption capacity (from 3.22 to 31.8 mg/g) and 

removal rate (from 9.67% to 95.39%). A high concentration of H+ ions (low pH) 

competed with Ni ions for adsorption on the active sites of the adsorbent surface, 

making it more challenging for Ni2+ to adsorb (He et al. 2020). Conversely, OH- ions 

can react with Ni2+ at higher pH levels to form Ni(OH)2 precipitates. From the above 

information, it was evident that the removal rate of Ni ions exceeded 98% at pH 12, 

primarily due to the deposition of nickel hydroxide. To get an accurate description of 

how well synthetic zeolite can remove Ni2+, the effects of competitive adsorption and 

precipitation must be kept to a minimum (Iqbal et al. 2019). The pH of the solution 

significantly influenced the adsorption process of V5+ by zeolite X-TCFA. It was 

observed that V5+ ions had a higher adsorption rate at low pH levels, specifically 

between 2 and 4. As the pH increased to 5.0, both the capacity and removal rate of V5+ 

decreased sharply. There was only a slight fluctuation in the adsorption process at 

alkaline pH levels. It is well-known that pH influences the protonation or deprotonation 

of surface functional groups, consequently affecting the surface charge of hydrated 

heavy metals (Cao et al. 2017). In a solution with a pH range of 4.0–10.0, the dominant 
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form of V ions is VO3-. VO3- form is an electroneutral complex within the solution, 

facilitating the migration of anions to the surface of zeolite X and their exchange with 

surface hydroxyl groups (Tseng et al. 2023). 

 

Figure 3.14 Effect of pH solution (a) nickel and (b) vanadium 

3.5.5 Impact of competitive ions 

From a mixture of metals containing four different cations (Ni2+, V5+, Co2+, and Pb2+), 

the efficiency of zeolites in selectively removing the targeted metals was investigated. 

The results demonstrated that zeolite X effectively absorbs all metal cations, as depicted 

in Figure 3.15. Furthermore, the capacity of the synthesized zeolite to remove nickel 

and vanadium from the mixture decreased compared to the individual solution. This 

decline was attributed to the competition for binding to the active sites on the surface 

of the zeolite by cations present in the solution. The initial concentration of ions in the 

solution noticeably impacted the efficacy of ion removal using zeolite X. The initial 

concentration of ions was inversely proportional to the removal rate. This effect can be 

attributed to the reduced availability of active sites on the surface of zeolite X relative 

to the growing number of free cations in the solution. 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



110 

 

 

Figure 3.15 Selectivity of synthetic zeolite X for removal of Ni2+ and V5+ ions from 
the mixture at different concentrations 

3.6 ADSORPTION KINETICS 

Based on the results of the existing adsorption experiments, the kinetics of ion 

adsorption by zeolite were studied using the pseudo-first-order kinetic model and the 

pseudo-second-order kinetic model, respectively. The pseudo-first order, Lagergren 

equation (He et al. 2020): 

  (3.4) 

Where K1 is the Lagergren constant (min−1), qt and qe are the amount of adsorbed 

cations (mg/g) by the adsorbent at equilibrium and at time t (min). The pseudo-second 

order kinetic equation, developed by Ho and McKay (Wang et al. 2024a), as shown in 

the equation (3.5): 

  (3.5) 
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where k2 is the equilibrium rate constant for the pseudo-second order adsorption 

(g/mg min) and can be evaluated from the slope of the plot. This model assumes that 

the rate-limiting step may involve chemical adsorption, where valence forces play a role 

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

(Visa 2016). The fitting curves and equation parameters of the pseudo-first and pseudo-

second order dynamics equations are shown in Figure 3.16 and Table 3.3 

Based on the R2 value, the pseudo-second-order kinetic model described the data 

slightly better than the first-order model, implying that chemical adsorption involving 

valence forces was the rate-controlling step of adsorbate-adsorbent interactions. This 

phenomenon occurred through the transfer, exchange, or sharing of electrons between 

the targeted V and Ni ions and the binding sites of the zeolite. Table 3.3 reveals that the 

correlation coefficient for the pseudo-first-order dynamics model was lower compared 

to the pseudo-second-order dynamics model.  

Table 3.3 Pseudo-first and pseudo-second order kinetic model parameters 

Metals Pseudo first order kinetic 
model 

Pseudo second-order kinetic 
model 

qe exp. 

qe(mg/g) K1/(min-1) R2 qe(mg/g) K2 
(g/mg.min) 

R2 

Ni2+ 23.768 0.672 0.929 41.320 0.821 0.999 41.55 

V5+ 24.241 0.724 0.834 32.148 0.865 0.998 32.38 

Moreover, the pseudo-second-order dynamics model yielded a correlation 

coefficient close to 1 for both Ni and V ions. Notably, the qe values predicted by the 

pseudo-first-order kinetic model significantly deviate from the experimental qe values. 

Conversely, the qe values predicted by the pseudo-second-order adsorption model 

exhibited greater consistency with the experimental qe values (Hu et al. 2022). 

Therefore, the pseudo-second-order adsorption model was better suited for describing 

the adsorption processes of Ni2+ and V5+ onto synthesized zeolite in this study. 
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Figure 3.16 (a) pseudo-first-order and (b) pseudo-second-order curves of adsorption kinetics 
with Ni2+ (upper) and V+5(Lower) uptake over synthetic zeolite X-TCFA with 
different initial concentration. 

3.7 ADSORPTION ISOTHERM 

Adsorption isotherms were often used to study the interaction between molecules of the 

adsorbate and active sites on the surface of the adsorbent. The Langmuir and Freundlich 

(Bai et al. 2022) adsorption isotherm models were employed to analyze the 

experimental results in this study. The Langmuir equation was written in a form that 

was easy to understand: 

  (3.6) 

KL(L/mg) represents the Langmuir adsorption constant, qmax (mg/g) signifies the 

theoretical monolayer adsorption capacity of the adsorbent, Ce (mg/L) represents the 

equilibrium concentration of heavy metal ions in the solutions, and qe (mg/g) indicates 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



113 

 

the number of heavy metal ions assimilated by the adsorbent's surface. The linear form 

of the Freundlich equation was represented by: 

  (3.7) 

KF (mg/g) represents the Freundlich isotherm constant, while n denotes the 

Freundlich exponent, which characterizes the strength of the molecules adhering to each 

other (adsorbent and adsorbate). Figure 3.17 displays the fitted isotherms, and Table 3.4 

presents the associated parameters and correlation coefficients. The equilibrium data 

for both metals demonstrated a better fit with the Langmuir model compared to the 

Freundlich model. 

The Langmuir isotherm assumed a monolayer adsorption mechanism where all 

sites have uniform adsorption capacities, and no interactions occur between adsorbed 

molecules (Butyrskaya 2024). On the other hand, the Freundlich model is an empirical 

model used to describe non-uniform energy adsorption on non-uniform surfaces (Qiu 

et al. 2018). These experiments investigated the adsorption isotherms of Ni and V at 

room temperature on synthetic zeolite X-TCFA, with the results presented in Table 3.4.  

Table 3.4 The parameters that fit the isothermal curve for Ni2+ and V5+ adsorption 
by zeolite X-TCFA. 

Metals Langmuir Freundlich 

KL qmax(mg/g) R2 KF n R2 

Ni2+ 0.171 57.91 0.978 0.374 1.610 0.928 

V5+ 0.216 42.22 0.997 0.016 0.988 0.937 

A comparison of the correlation coefficients of both employed models revealed 

that the Langmuir model shows a higher correlation coefficient. These results indicated 

that it was better fitted for describing the adsorption isotherms of nickel and vanadium 

ions on the surface of the synthesized zeolite. Therefore, monolayer adsorption was the 

primary mechanism governing the adsorption of metal ions on the surface of synthetic 

zeolite X. This also implied that synthetic zeolite X possessed a uniform surface and 

constant particle mass. The Langmuir coefficient KL value was within the range of 0 

and 1, indicating that the adsorption of Ni2+ and V5+ on zeolite X was favorable. Zeolites 
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comprise silicon and aluminum oxides, and their hydroxylated surfaces acquire 

negative charges in an aqueous solution. The electrostatic attraction between these 

negatively charged adsorbent sites and the positively charged ions and cation exchange 

caused the metal ions to bind to the coal ash-derived zeolite X. 

 

Figure 3.17 (a)Langmuir and (b)Freundlich isotherm model for Ni2+ (upper) V5+ (lower) adsorption 
on synthetic zeolite X-TCFA. 

The parameter "n" value signifies the degree of heterogeneity in the Freundlich 

model equation, determining the extent of preference and intensity in the adsorption 

process. Adsorption was deemed favourable when the parameter value lay within the 

range of 0 < 1/n < 1, indicating the heterogeneity of the adsorbent surface (Caetano et 

al. 2023b). Since nNi = 1.610 was greater than nV = 0.988, it can be concluded that Ni 

molecules exhibited a higher adsorption intensity on the surface of zeolite X-TCFA 

compared to V molecules. Whereas the value of parameter KF was related to the ability 

to form interactions between the adsorbent and the adsorbate as a result of the closeness 

of the adsorbent to the surface of the adsorbent and the particles of the adsorbate. As 
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KF, Ni = 0.374 was greater than KF, V = 0.016, it is possible to state that the affinity of 

Ni molecules is greater for the surface of zeolite X-TCFA in relation to V and, 

consequently, the adsorption capacity for the use of zeolite X-TCFA was greater for Ni 

than for V. 

Table 3.5 summarizes the Ni2+ and V5+ uptake abilities of various adsorbents 

and previously reported zeolites. The adsorption capacity exhibited by the zeolite X 

synthesized in this experiment surpassed that of numerous natural and synthetic 

adsorbents. Compared with fly ash-derived zeolite mentioned in the previous literature, 

zeolite X prepared in this study showed a higher ability to remove nickel ions. 

Therefore, zeolite prepared from treated fly ash exhibited a commendable adsorption 

performance for heavy metals. Simultaneously, this synthesis process was 

environmentally friendly, as the precursors involved in the synthesis are harmful solid 

wastes that have been recycled to support and preserve the environment. 

Table 3.5 Comparison of Ni2+ and V5+ uptake capacities of various adsorbents 

Ni V 

Adsorbent qe 
(mg/g) 

References Adsorbent qe 
(mg/g) 

References 

Iranian natural 
zeolite 

3.4 (Merrikhpour 
& Jalali 2013) 

Ferric 
groundwater 

treatment residual 

15.62 (Zhang et al. 
2019) 

Synthesized β-
Zeolite 

7.92 (Liu et al. 
2017) 

Red mud modified 
saw dust biochar 

16.60 (Ghanim et al. 
2020) 

Ukraine 
clinoptilolite 

13.03 (Sprynskyy et 
al. 2006) 

Humic acid 19.2 (Yu et al. 
2018) 

Zeolite X 
synthesized from 

coal fly 

15.94 (Zhang et al. 
2018) 

D2EHPA 
impregnated 
resins (DIRs) 

24.80 (Zheng et al. 
2018) 

Zeolite synthesized 
from red mud 

41.15 (Xie et al. 
2018) 

D2EHPA and 
TBP impregnated 
resins (D-TIRs) 

29.95 (Zheng et al. 
2018) 

Zeolite A 
synthesized from 

fly ash 

47.0 (He et al. 
2020) 

Coated solvent 
impregnated resin 

(CSIR) 

34.25 (Bao et al. 
2018) 

This study 41.55  This study 32.38  
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3.8 THE PROPOSED MECHANISM OF NICKEL (II) AND VANADIUM (V) 
REMOVAL BY SYNTHETIC ZEOLITE X 

Based on the X-ray photoelectron spectroscopy (XPS) analysis of zeolite X (ZX-TCFA) 

before and after the adsorption of nickel (Figure 3.18a) and vanadium (in an acidic 

medium (pH = 3)) (Figure 3.18b) and the deconvolution of the vanadium peak (Figure 

3.18c), we can conclude the adsorption mechanism of ions on the zeolite surface. XPS 

provides crucial information about the surface composition, chemical states, and 

bonding environments, making it ideal for elucidating adsorption mechanisms 

(Medykowska et al. 2022). 

 

Figure 3.18 XPS survey scan of ZX-TCFA before and after adsorption of metal ions: 
(a) Ni2+, (b) V5+, and (c) high-resolution XPS spectra of the V 2p peaks 
after vanadium adsorption. 

The XPS spectra for the Ni 2p and V 2p regions provided direct evidence for 

the adsorption of nickel (Ni2+) and vanadium (V5+) ions on the zeolite X surface. The 
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Ni 2p region (around 850–880 eV) showed no peaks before adsorption, confirming the 

absence of nickel on the zeolite surface. However, after adsorption, distinct peaks were 

observed at approximately 855–857 eV (Ni 2p3/2) and 872–875 eV (Ni 2p1/2), which 

were characteristic of (Ni2+) species. Satellite peaks around 861–863 eV further 

confirmed the (2+) oxidation state, indicating successful adsorption of nickel onto the 

zeolite surface through possible electrostatic interactions and coordination with surface 

sites (Angaru et al. 2022). 

Similarly, the V 2p region (around 515–525 eV) provided evidence for 

vanadium adsorption. The deconvolution of V 2p peaks revealed peaks at 

approximately 517.2 eV (V 2p3/2) and 524.5 eV (V 2p1/2), corresponding to (V5+) 

species. These binding energies were characteristic of vanadium in the (V5+) oxidation 

state, confirming that vanadium remained in its original oxidation state after adsorption. 

The appearance of these peaks indicated that vanadium was adsorbed on the zeolite 

surface, possibly through electrostatic attraction and coordination with surface oxygen 

sites, similar to the behavior observed for nickel (Medykowska et al. 2022). 

The O 1s peak (530–533 eV) provided insights into the interactions between 

oxygen atoms on the zeolite surface and the adsorbed metal ions. Before adsorption, the 

O 1s peak for pure zeolite X was centered around 531 eV, representing oxygen in the 

framework (Si-O-Si, Al-O-Si) and surface hydroxyl groups (Si-OH, Al-OH). After the 

adsorption of (Ni2+), a shift to a higher binding energy (around 532–533 eV) was 

observed. This shift suggested a change in the electronic environment of oxygen atoms, 

likely due to the formation of Ni-O bonds, indicative of surface complexation or 

chemisorption (Sellaoui et al. 2021). 

Similarly, after (V5+) adsorption, the O 1s peak also shifted to a slightly higher 

binding energy, indicating the formation of V-O bonds. This shift was consistent with 

the formation of inner-sphere complexes, where (V5+) ions formed coordination bonds 

with surface oxygen atoms. The changes in the O 1s peak for both Ni and V adsorptions 

suggested that chemisorption played a significant role in the adsorption process, 

involving strong interactions between the metal ions and oxygen groups on the zeolite 

surface (Lv et al. 2022). 
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The Na 1s peak (around 1071 eV) provided evidence for the ion exchange 

mechanism during the adsorption of both (Ni2+) and (V5+). Before adsorption, the Na 1s 

peak was prominent, indicating the presence of exchangeable sodium ions (Na+) in the 

zeolite framework. After adsorption of either (Ni2+) or (V5+), the intensity of the Na 1s 

peak significantly decreased. This reduction in intensity suggested that a substantial 

number of (Na+) ions were replaced by (Ni2+) or (VO2+) species, confirming that ion 

exchange was a key mechanism for both metal adsorptions (Chen et al. 2020). 

The similar behavior of Na 1s peak reduction for both metal ions indicated that 

the zeolite X matrix effectively facilitated ion exchange, replacing its exchangeable 

cations with the metal ions from solution. This was consistent with the high cation 

exchange capacity of zeolite X, which was crucial for the adsorption of divalent and 

multivalent metal ions (Sellaoui et al. 2021). 

The Si 2p (100–105 eV) and Al 2p (74–76 eV) peaks provided information on 

the stability of the zeolite framework during the adsorption process. For both (Ni2+) and 

(V5+) adsorption, there were no significant changes in the binding energies or intensities 

of the Si 2p and Al 2p peaks. This stability suggested that the aluminosilicate framework 

of zeolite X remained intact, indicating that the adsorption of both metals occurred 

primarily on the surface or through exchangeable ions rather than by altering the 

framework itself (Liu et al. 2021b). This reinforced the conclusion that the adsorption 

processes involved surface interactions such as ion exchange and chemisorption without 

modifying the zeolite structure. Figure 3.19 illustrates the proposed removal 

mechanism. 
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Figure 3.19 Mechanism of nickel and vanadium ion removal by zeolite X. 

3.9 SUMMARY 

In the present chapter, the synthesis of Zeolite X was studied by alkali-fusing the fly 

ash, followed by a hydrothermal treatment method using Malaysian coal fly ash as the 

precursor. The main objectives were to assess the impact of fly ash pretreatment 

process, study synthesis parameters, the properties of the resulting zeolite X, and the 

efficiency of TCFA-derived zeolite X for removing Ni2+ and V5+ under various 

parameters. Magnetic separation was employed to control the removal of magnetic 

components from RCFA. VSM results indicated that TCFA had a lower saturation 

magnetization value (approximately 1.51 emu/g) than RCFA. The acid-washing of 

RCFA significantly reduced undesirable metal oxides, as evidenced by XRF results 

indicating the content of polluted oxides below 12% in TCFA composition. XRD 

analysis revealed that under optimal preparation conditions (time = 12 h, temperature = 

90°C, CFA/NaOH = 1:1.2 g/g, Solid: liquid = 1:5 g/mL), the utilization of TCFA led to 

the synthesis of high-purity, single-phase zeolite X, contrasting with the zeolite derived 

from RCFA. BET analysis showed that TCFA-derived zeolite X had a higher specific 

surface area (452 m2/g) than RCFA-derived zeolite X (115 m2/g). SEM images 

indicated that zeolite X-TCFA exhibited enhanced crystallinity and purity, with well-

defined individual crystals and no intergrowth, unlike zeolite X-RCFA. In comparing 

FTIR spectra, it was evident that zeolite X-RCFA displayed an additional peak at 660 

cm-1, implying co-crystallization with a contaminant phase, whereas zeolite X-TCFA 
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exhibited successful synthesis devoid of contaminant phase bands. For Ni2+ and V5+ ion 

adsorption using TCFA-zeolite X, four key parameters (initial concentration, contact 

time, zeolite dosage, and pH) were examined for their impact on the removal process. 

Kinetics studies favored the pseudo-second-order kinetic model, implying that chemical 

adsorption governed the adsorbate-adsorbent interactions. Additionally, the Langmuir 

and Freundlich adsorption isotherm models were employed to analyze the experimental 

results, with the Langmuir model providing a superior fit due to its higher correlation 

coefficient. The integrated analysis of XPS data for Ni and V adsorption on ZX 

highlighted that both metals were adsorbed through a combination of ion exchange and 

surface complexation (chemisorption) mechanisms. Overall, this study highlights the 

potential of X-type zeolite synthesized from TCFA as an environmentally friendly, cost-

effective solution for heavy metal removal.
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CHAPTER IV  
 
 

CHITOSAN/COAL FLY ASH- BASED ZEOLITE X COMPOSITES: A NOVEL 
APPROACH FOR ADSORPTIVE SEPARATION AND RECOVERY OF NICKEL 

AND VANADYL PORPHYRINS 

4.1 INTRODUCTION 

Petroleum-derived chemicals supply a significant portion of the world's energy demand. 

As conventional oil sources decline, the oil industry has turned to exploring heavy oils 

as a more cost-effective alternative, given their abundance and lower barrel prices 

(Elahi et al. 2019). However, converting unconventional crude oils (heavy and extra-

heavy hydrocarbon) poses challenges due to their high content of resin, asphaltenes, 

halogenated hydrocarbon, and high concentrations of heavy metals (Adolfo et al. 2022). 

Crude oil contains various metal contaminants, with concentrations ranging from a few 

ppm to over a thousand ppm. The predominant metals in the studied crude oils are nickel 

(Ni) and vanadium (V). These metals primarily exist as porphyrin-like compounds, 

while the remaining are non-porphyrin compounds (Attia et al. 2020). Electric desalting 

is effective in removing most non-porphyrin metals from crude oil. However, nickel 

and vanadium are found in crude oils as oil-soluble organic metal compounds (Solouki 

et al. 2023), making them resistant to removal through this method. (Chacon-Patino et 

al. 2021). In spite of being present in trace amounts in oil, these compounds have the 

potential to significantly alter the physical-chemical properties of the oil (Silva et al. 

2017). Additionally, they are known to accelerate the corrosion of pipes and equipment 

(Nguyen et al. 2022), deactivate catalysts (Attia et al. 2020), and compromise the 

quality and yield of refining products, ultimately contributing to environmental 

pollution (Sama et al. 2018). In light of the aforementioned drawbacks, it is indeed 

crucial to ensure the efficient removal of porphyrins. Conversely, porphyrin compounds 

find extensive applications in organic solar cells, molecular devices, and photodynamic 

therapy (Shi et al. 2021b). 
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Various methods are available for treating crude oil to effectively eliminate 

impurities, especially nickel (Ni) and vanadium (V) impurities. These methods involve 

a combination of traditional physical, chemical, and biological approaches such as 

hydrodemetallization and solvent extraction (Ali & Abbas 2006). However, these 

techniques often require significant investments in equipment, especially for 

hydrogenation-based removal of nickel and vanadium. Additionally, the catalysts used 

in these processes are challenging to regenerate, leading to difficulties in waste catalyst 

disposal. Solvent extraction is viable primarily for residues with a high bitumen content, 

but it comes with high investment costs and operational expenses (Sadeghi et al. 2021). 

Therefore, the utilization of non-destructive isolation methods is more advantageous 

compared to chemical treatment approaches (Silva et al. 2019). 

Adsorptive demetallization (ADM) is considered one of the most promising 

methods for demetallization due to several reasons, such as its requirement for mild 

operating conditions, its ability to achieve a significant demetallization effect, and its 

high selectivity towards organometallic compounds. In the ADM process, specialized 

adsorbents efficiently remove metal compounds through selective adsorption. As a 

result, adsorbents are vital in determining the selectivity, capacity, and sustainability of 

the process. Examples of studied adsorbents include chitosan and its derivatives (Wang 

et al. 2011a), activated carbon (Caetano et al. 2023b), graphene (Chen et al. 2018) and 

zeolite (Rocha Aguilera et al. 2016). 

Zeolites are a type of crystalline and microporous aluminosilicates that contain 

tetrahedral units of SiO4- and AlO4−. The Si or Al atoms are located centrally, while the 

O atoms are situated in the corners, forming pores and channels. These structures have 

a net negative charge, which is balanced by additional cations, such as Na+, K+, Ca2+, 

and Mg2+ that are located in the voids (Król 2020). Zeolites possess a stable framework 

structure, and their weak intermolecular bonds allow for the removal of ions and 

molecules from their pores without damaging the structure. There are three types of 

zeolites based on their Si/Al molar ratio: low silica zeolites (Si/Al < 2), intermediate 

silica zeolites (2 < Si/Al < 5), and high silica zeolites (Si/Al > 5) (Hu et al. 2021). The 

zeolite X (ZX) is one of the well-established zeolites with a large surface area (200-900 

m2.g-1), spacious channels and cages, and large openings. As a result, this type of zeolite 
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possesses a high adsorption capacity and efficient cationic exchange properties. In real 

life, instead of excellent mechanical and chemical features adsorbent, the adsorbent 

should be cheap and sustainable. Indeed, cheap ZX (rich Si and Al species) can be 

synthesized from waste like coal fly ash (Kunecki et al. 2023). Incorporating zeolite 

and biopolymers in hybrid or composite materials is a potential approach to enhance 

zeolite properties. This method aims to optimize the zeolite's capacity to retain organic 

molecules while maintaining environmental friendliness, high adsorption capacity, 

chemical stability, and biodegradability (Jawad et al. 2020; Mostafa et al. 2021). 

Chitosan (CHS) is a type of biopolymer that is positively charged and made up 

of D-glucosamine units. It is formed by removing acetyl groups from chitin, a substance 

found in the shells of crustaceans and insects. CHS has many useful chemical and 

biological properties, including biocompatibility, high reactivity, safety, 

biodegradability, hydrophilicity, adsorption capacity, chelation, chirality, and 

antimicrobial activity (Pal et al. 2021). Due to the presence of hydroxyl (-OH) and 

amino (-NH2) groups on its chain, CHS can be used to remove various water pollutants, 

such as pharmaceuticals, dyes, and metal ions (Karimi-Maleh et al. 2021). Moreover, 

there is a growing interest in CHS research within the petroleum industry. The 

applications showcase the versatility of the utilization of CHS across various stages of 

the petroleum industry, ranging from exploration, extraction, refining, transportation, 

and environmental remediation. This underscores its potential as a sustainable 

alternative, underscoring the importance of ongoing research in this field (Negi et al. 

2021). However, CHS-based adsorbents are often sensitive to pH, mechanically 

unstable, and prone to swelling (Begum et al. 2021). 

This biocompatible mesoporous material, CHS/ZX, possesses narrow pore size 

distributions and high surface areas, making it well-suited for various applications due 

to its low toxicity and biocompatibility. In response to increasing environmental 

concerns, industries are turning to bio-based and bio-compatible materials, with the 

CHS/ZX composite emerging as an attractive option, offering natural, cost-effective 

material with controlled properties. The CHS/ZX structure can be changed, which 

includes the zeolite pore diameter and the presence of nearby ions. This makes it more 

useful for biomedical uses, adsorption, and catalysis. The effectiveness of these 
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composites is closely linked to both surface chemistry and porosity (Mahmodi et al. 

2020). 

The potential of the CHS/ZX composite derived from coal fly ash as a 

demetallization agent for removing metal porphyrins has not yet been investigated. It is 

anticipated that this composite will demonstrate improved removal capacity, regulated 

recovery behavior, and efficient regeneration. Therefore, the objectives of this chapter 

are: 

1. To identify the optimal synthesis parameters for a chitosan-modified zeolite X 

composite using Response Surface Methodology (RSM) to achieve maximum 

adsorption efficiency. 

2. To evaluate the CHS/ZX composite’s effectiveness in extracting vanadyl and nickel 

porphyrins from model solutions in toluene and to explore the removal mechanism. 

3. To optimize the recovery process of metal porphyrins from the saturated composite 

under various operational conditions. 

This chapter provides an in-depth analysis of the removal and recovery 

properties of the CHS/ZX composite. A comparative study was performed with its 

individual components, considering different parameters and examining the related 

mechanisms, including kinetic, equilibrium, and thermodynamic behaviors. 

4.2 EXPERIMENTAL 

4.2.1 Chemicals 

Medium molecular weight CHS with the degree of deacetylation of 75–85% is 

purchased from R&M in Malaysia. Tetraphenyl-21H,23H-porphyrin vanadium (IV) 

oxide (VO-TPP) and nickel-5,10,15,20-tetraphenyl porphyrin (Ni-TPP) were supplied 

by Sigma Aldrich. The molecular structure of vanadyl and nickel porphyrins is depicted 

Figure 4.1 (VO-TPP:C44H28N4VO, 679.66, purity ˃ 99%, Figure 4.1(a); Ni-

TPP:C44H28N4Ni, 671.41, purity ˃ 99%, Figure 4.1(b)). The solvents used were of 

analytical grade: toluene (99.9%) and chloroform (99.9%) from Sigma Aldrich, ethanol 
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(95%) from Acros organics, methanol (99.9%) from HmbG, acetic acid from (R&M) 

and N,N-Dimethylformamide (DMF) (99.8%) from Sigma Aldrich. 

 

Figure 4.1 Molecular structure of: (a) Vanadyl-TPP; (b) Nickel-TPP. 

4.2.2 Preparation of the CHS/ZX composites 

Initially, chitosan (CHS) was dissolved in 200 mL (2% v/v) acetic acid in a 500 mL 

beaker at room temperature with stirring for 3 h. The pH of the CHS solution was 

gradually raised from around 3.4 to 5.0 by carefully adding 1 M NaOH aqueous solution 

drop by drop. Then, a water dispersion of ZX (produced in Section 3.2.3) was 

introduced into the CHS solution, creating a well-mixed CHS/ZX combination. The 

amounts of CHS and ZX utilized were determined based on the CCD experiment 

design. The suspension was stirred vigorously for 2 h until a uniform mixture was 

achieved. Subsequently, the suspension was slowly added to a precipitation bath 

containing 500 mL (0.50 M) NaOH. Agitation at 100 rpm was maintained for 3 h. 

Following this, the resulting beads were filtered and rinsed with deionized water to 

eliminate any remaining NaOH. Finally, the beads were air-dried at 90°C and then 

ground to the desired size. 

4.2.3 Point of zero charge of CHS/ZX composite 

The salt addition method was employed to ascertain the point of zero charge (PZC) of 

the CHS/ZX composite, as outlined by (Ayub et al. 2020). In this method, 25 mL of 0.1 

M NaCl solution was distributed into ten different Erlenmeyer flasks. The pH of the 

CHS/ZX suspensions was adjusted to values ranging from 3 to 12 using either 0.1 M 
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hydrochloric acid or 0.1 M sodium hydroxide, with measurements taken using a pH 

meter. 0.1 g of the composite was added to each flask, and the mixture was agitated at 

200 rpm on a magnetic stirrer at room temperature for 24 h. Following equilibrium, we 

filtered the contents and recorded the pH of the filtrates. The PZC, the pH at which the 

total surface charge of the biosorbent is neutralized, was determined by plotting the 

initial pH against the change in pH. 

4.2.4 Instruments and material characterization 

The SHIMADZU 1800-PC ultraviolet-visible (UV-Vis) spectrophotometer was used to 

determine the concentration of the metal porphyrin solution in the toluene. Field 

emission scanning electron microscopy (FESEM), using LEO-1455 VP electron 

microscope, was used to estimate the surface morphology of CHS and CHS/ZX. The 

elemental composition of (C/H/N) was determined by Flash EA1112 (organic trace 

element analyzer). A Perkin Elmer (PC) spectrum 100 Fourier transform infrared 

spectroscopy (FT-IR) with a resolution of 4 cm-1 and a range of 300–4000 cm-1 was 

used to figure out the chemical functional group of CHS, ZX, and CHS/ZX composite. 

On the Thermo–Finnigan Shopmatic 1990 series N2 sorption analyzer, the Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods were used to 

measure the specific surface area and pore distribution. All the samples were degassed 

for 12 h at 150°C to get rid of any dirt or moisture that was on the surface. In a vacuum 

chamber at -196°C, the surface assimilation and desorption of N2 were looked at. 

Thermogravimetric analysis (TGA) was used to determine the stability of CHS, ZX and 

CHS/ZX using TGA 1000i, Instrument Specialists Inc, USA. Powder X-ray diffraction 

(XRD) was used to investigate the crystallography and structural properties of CHS, 

ZX, and CHS/ZX composite. For the XRD analysis, model XRD-6000 Shimadzu 

diffractometer was engaged. The diffractometer had a scan speed of 4°C min-1 A2 range 

of 5° to 40° was used. The X-ray photoelectron spectroscopy (XPS) test was conducted 

using an Axis Ultra DLD instrument equipped with an Al KαX-ray source. 

4.2.5 Experiments design 

The primary objective of experimental design is to optimize the impact of the factors 

and their interactions in a process. This approach aims to enhance parameter 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



127 

 

performance and reduce experimental inaccuracies (Bezerra et al. 2008). By identifying 

the most critical variables through a limited number of experiments, it facilitates a more 

efficient selection process. To investigate the effects of variables, we employed a well-

established response surface methodology known as central composite design (CCD). 

Furthermore, a regression analysis was conducted to fit the equations, and the 

significance of the effects of parameters, including chitosan dose (A) and zeolite dose 

(B), was examined for each metal porphyrin compound. Design Expert 7.0 software 

(Stat Soft Inc., Tulsa, USA) was utilized for this analysis. The levels of independent 

variables are provided in Table 4.1. Central composite design (CCD) was employed to 

evaluate the removal percentage. This approach led to 13 trials utilized for optimizing 

the removal of vanadyl and nickel porphyrins. To mitigate the influence of uncontrolled 

factors, the experimental sequence was executed randomly. Table 4.2 presents the 

experimental design points, encompassing 2n factorial points, 2n axial points, nc central 

points (with five replicates), along with the outcomes for the response variables. Here, 

n represents the count of numeric factors. The determination of experimental error and 

data reproducibility was conducted using the central points (Elouahed et al. 2024). 

Table 4.1 Independence variables and their coded levels for the optimization of metal porphyrins 
removal. 

Coded 
Variables  

 

Factors 
 

Coded level 

-2 -1 0 +1 +2 

X1  A: Chitosan (g) 0.6 1 2.00 3 3.40 

X2 B: Zeolite (g) 4 5.00 7.5 10 11.00 

To establish a mathematical relationship between the response and independent 

variables, the following quadratic equation model was employed: 

  (4.1) 

In equation (4.1), y represents the response variable of metal porphyrin removal 

percentage, and xi and xj denote the independent variables (CHS and ZX dose) for each 

trial. The equation includes parameters such as b0 as the model constant, bi as the linear 

coefficient, bii as the quadratic coefficient, and bij as the cross-product coefficient. 
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Table 4.2 The experimental design of the CHS/ZX matrix using CCD. 

Run A: Chitosan 
(g) 

B: Zeolite (g) 

1 0.58 7.5 

2 2 11 

3 2 7.5 

4 3.41 7.5 

5 3 10 

6 1 10 

7 3 5 

8 2 7.5 

9 1 5 

10 2 7.5 

11 2 7.5 

12 2 7.5 

13 2 4 

Analysis of variance (ANOVA) was employed to assess the significance of the 

model terms through the examination of p-values and F-values. A p-value less than 0.05 

indicated the significance of the test variables, and the magnitude of the F-value was 

adequate for the model terms. Importantly, the non-significance of lack of fit was 

deemed reasonable and affirmed the validity of the quadratic model (Elouahed et al. 

2024). 

4.2.6 Construction of calibration curves and estimation of detection and quantification 
limits 

The preparation of metal porphyrin solutions, specifically 200 ppm of VO-TPP and 100 

ppm of Ni-TPP, was achieved by dissolving the respective compounds in 50 mL of 

toluene under controlled conditions (50°C, stirring at 200 rpm). The solution volume 

was increased to 200 mL by adding toluene in three 50 mL increments. Once fully 

dissolved, the solutions were transferred to a 250 mL volumetric flask. To construct the 

calibration curve, twenty standard solutions were derived from these metal porphyrin 

solutions by diluting specified volumes into 25 mL volumetric flasks and adjusting the 

volume with toluene to the mark. 
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The concentration of metal porphyrinic samples was determined through UV-

visible spectrophotometry, utilizing a Shimadzu UV-1200 model operating between 

300 – 700 nm wavelengths. Measurements were conducted in a 12.5 × 12.5 × 45 mm 

cuvette, with toluene as the reference. The Lambert-Beer Law facilitated the calculation 

of metal porphyrins concentration. 

For the calculation of the limit of detection (LOD) and limit of quantitation 

(LOQ), we employed the standard deviation of the response and the calibration curve's 

slope, as delineated by the following formulas, referencing the methodology outlined 

in literature (Mashhadizadeh et al. 2013): 

  (4.2) 

  (4.3) 

where Sb represents the standard deviation of the regression line's y-intercept, 

and m denotes the calibration curve's slope. 

4.2.7 Adsorption experiments  

The experimental procedure involved the adsorption of metal porphyrins from toluene 

using the CHS/ZX composite. The interaction between metal porphyrin and the 

CHS/ZX composite was analyzed through liquid-solid adsorption experiments 

conducted in batches. Furthermore, to investigate the kinetic and thermodynamic 

mechanisms underlying the adsorption of metal porphyrin onto the CHS/ZX composite, 

the adsorption capacities of the composite for VO-TPP and Ni-TPP were measured, and 

the corresponding adsorption isotherms were obtained. The metal porphyrins 

concentration was determined on the basis of the measured absorbance. The adsorption 

capacity of metal porphyrins at different time points could be calculated using equation 

(4.4). 

  (4.4) 
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C0 represents the starting concentration of metal porphyrin (mg/L), Ct signifies 

the concentration of metal porphyrin at a specific time point 't' (mg/L), V represents the 

volume of the metal porphyrin solution (L), and M stands for the amount of composite 

added (g). 

  (4.5) 

where Ce denotes the concentration of metal porphyrin in equilibrium (mg/L), 

4.2.8 Equilibrium models 

The experimental results were applied to evaluate four kinetic models to explore the 

adsorption mechanism. Equations (4.6) through (4.9) were utilized to analyze the 

pseudo first order (PFO) (El Kaim Billah et al. 2023), pseudo second order (PSO) 

(Khnifira et al. 2021), Elovich (Musah et al. 2022), and intraparticle diffusion (El Kaim 

Billah et al. 2023) models, respectively. 

  (4.6) 

  (4.7) 

  (4.8) 

  (4.9) 

where  is the capacity of adsorption at equilibrium (mg/g),  is the capacity 

of adsorption at time (mg/g)  is the adsorption rate constant of PFO (min-1), is the 

adsorption rate constant of PSO (min-1), A, B are constants of Elovich model, is the 

intraparticle diffusion rate constant (g/mg.min) of intraparticle diffusion model, C is the 

intercept plot. 

The equilibrium data were then evaluated to assess their suitability for three 

isothermal models, the first being the Langmuir model (Şimşek et al. 2023), the second 

being the Freundlich model (Majdoubi et al. 2024) and the third being the Dubinin-

Radushkevich (Musah et al. 2022). The associated model parameters were estimated 
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and examined to gain insights into the potential adsorption mechanisms. The integral 

format of the model equations is presented in equations (4.10) to (4.12). 

  (4.10) 

  (4.11) 

  
(4.12) 

Where Ce is the equilibrium concentration (mg/L), KL is the Langmuir constant 

(L/mg), KF and 1/n Freundlich constants, KD-R is the Dubinin-Radushkevich constant 

(mol2/kJ2), R is the gas constant (8.314 J/mol.K), and T is the absolute temperature (K). 

The parameters of thermodynamics were employed to analyze the change in 

energy throughout the process of adsorption and to ascertain its spontaneity (Bonetto et 

al. 2021; Mohamed et al. 2022). Parameters of thermodynamics, including ΔG° (free 

energy), ΔH° (enthalpy), and ΔS°(entropy), were determined using the subsequent 

equations: 

  (4.13) 

  (4.14) 

  (4.15) 

It is important to recognize that the determination of thermodynamic parameters 

such as ∆G°, ∆H°, and ∆S° relies heavily on the accurate estimation of the 

thermodynamic constant (K). The Langmuir isotherm is commonly employed to 

describe adsorption data at equilibrium (Musah et al. 2022). 

The appropriate method to calculate the equilibrium constant for an adsorption 

system involves obtaining adsorption isotherms at various temperatures and performing 

nonlinear fitting on these isotherms. From the best-fitted model at each temperature, an 

equilibrium constant is determined for each respective isotherm. These equilibrium 

constants, typically expressed in L/mg, must be converted to a dimensionless form to 
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be used in the Van 't Hoff equation. This conversion involves several steps. Initially, 

the Langmuir equilibrium constant (KL), given in L/mg, is converted to L mol-1 by 

multiplying the KL value by 1000, thus changing L/mg to L/g. This result is then 

multiplied by the molecular weight of the adsorbate (in g/mol) and the standard 

concentration of the adsorbate (1 mol/L). The final step involves dividing by the activity 

coefficient, which was considered dimensionless. It was assumed here that the 

adsorbate solution is sufficiently diluted, allowing the activity coefficient to be 

considered as unitary. After these calculations, the parameter KL becomes 

dimensionless (Lima et al. 2019). 

4.2.9 Desorption experiments 

Desorption experiments were conducted in 50 mL capped Erlenmeyer flasks, each 

containing a specified volume of the selected eluent. A calculated mass of CHS/ZX 

composite, saturated with metal porphyrins, was then suspended in this eluent. The 

mixture was stirred at 200 rpm across various temperatures for predetermined time 

intervals. At equilibrium, the CHS/ZX composite was separated from the mixture by 

centrifuging at 4000 rpm for 5 min. The concentration of porphyrins was determined 

based on the measured absorbance. The desorption capacity of the CHS/ZX metal 

porphyrins could be calculated using the equation (4.16) as follows: 

  (4.16) 

where, qdes, desorption is the amount of metal porphyrin desorbed from per gram 

of porphyrin saturated sorbent at equilibrium (mg/g), Cdes is the metal porphyrin 

concentration in the desorbing solution (mg/L), V is the eluent solution volume (L), and 

M is the metal porphyrin saturated CHS/ZX weight (g). 

Desorption efficiency (%) of metal porphyrins was calculated using the 

following Equation: 

  (4.17) 
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where des % is VO-TPP/Ni-TPP desorption efficiency (%) and qe des, desorption 

and qe, ads are VO-TPP/Ni-TPP desorption and adsorption capacity (mg/g), respectively. 

4.2.10 Preparation of saturated CHS/ZX composite 

Before starting the desorption test, the CHS/ZX composite was saturated by adding 2 g 

of adsorbent in an Erlenmeyer containing 200 mL of 20 mg/L vanadium and nickel 

porphyrins in toluene solution individually. The flask was shaken with controlled 

temperature (30°C) at 200 rpm until adsorption equilibrium (24 h). After that, the 

saturated CHS/ZX composite was separated from the solution by vacuum filtration and 

dried at 80°C until constant weight. The UV-vis spectrophotometer was then employed 

to determine the absorbance of the VO-TPP and Ni-TPP solutions at their respective 

strong absorption peak wavelengths of 548 nm and 528 nm, respectively. The 

experiment was performed in duplicate and taking the average of the results. Then, the 

concentration of both metal porphyrins solution was calculated using the Lambert-Beer 

law (Mäntele & Deniz 2017). The amount of metal porphyrins removed by adsorption 

from the stock solution was calculated using Equation (4.18). 

  (4.18) 

where, qads, is the amount of metal porphyrins at equilibrium (mg/g), C0 is the 

initial concentration of metal porphyrins in toluene (mg/L), Ce ads is the concentration 

of metal porphyrin in the toluene phase at equilibrium conditions (mg/L), V is the 

volume of metal porphyrin solution (L), and M is the CHS/ZX weight (g). 

4.2.11 Effect of different operating variables on metal porphyrins desorption efficiency 

a. Effect of saturated CHS/ZX weight 

Different weights of metal porphyrins saturated CHS/ZX composite mass varying from 

10 to 50 mg were used to determine the effect of composite weight on porphyrins 

desorption efficiency. Except the composite mass, the other variables were kept 

constant, and desorption study was conducted as explained in Section 4.2.9. 
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b. Effect of eluent volumes  

Desorption experiments were performed using different volumes of eluent varying from 

10 to 40 mL. Except the volume of eluent, the other variables were kept constant, and 

desorption study was conducted as explained in Section 4.2.9. 

c. Effect of contact time  

The desorption study was conducted on a hotplate stirrer at 200 rpm for various time 

intervals ranging from 45 to 450 min. Samples were taken at different time intervals, 

filtered, and analyzed the desorbed metal porphyrin content, as outlined in Section 

4.2.9. 

d. Effect of temperature 

Chloroform was used as an eluent to study the effect of varying temperatures (30 to 

100°C) on the desorption efficiency of metal porphyrins from a saturated CHS/ZX 

composite, following the procedures outlined in Section 4.2.9. 

e. Effect of different initial porphyrin concentrations 

Batch experiments were conducted to assess the effects of varying initial metal 

porphyrin concentrations (10-80 mg/L) on the desorption of porphyrins from a saturated 

CHS/ZX composite. The adsorption experiments were carried out as detailed in Section 

4.2.7. Subsequently, the composite saturated with metal porphyrins was subjected to 

the desorption process using chloroform as an eluent, as described in Section 4.2.9. 

4.2.12 Regeneration and reusability of CHS/ZX composite 

Regeneration of the sorbent is an important step to check economically the feasibility 

of adsorption process. Successive batches of vanadyl and nickel porphyrins adsorption 

and desorption were conducted to assess the porphyrin recovery capability and 

regeneration of the CHS/ZX adsorbent through successive processes. The desorption 

experiments were conducted as described in Section 4.2.9. The desorption experimental 

conditions, including temperature, agitation time, and solid/liquid ratio, were consistent 
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with those obtained through the optimization process. Solution samples were taken at a 

specific interval. The adsorption and desorption efficiencies were calculated using 

equations. (4.16) and (4.18). 

4.3 RESULTS AND DISCUSSION 

4.3.1 Adsorbent characterization 

Table 4.3 summarized the CHN analysis result and the result showed that the chitosan 

displays high percentages for each of the C, H and N components. This can be attributed 

to the fact that CHS is a linear polysaccharide composed of D-linked D-glucosamine 

and N-acetyl-D-glucosamine (refer to Figure 2.12), which were randomly distributed. 

On the contrary, in the case of ZX, which was a crystalline aluminosilicate, the results 

indicated the presence of only oxygen and the absence of coal residues. Notably, the 

percentages of C, H, and N in CHS/ZX were lower than those in CHS, which can be 

attributed to the introduction of silicon and aluminum elements. It is worth mentioning 

that this signifies a successful intercalation process of CHS in ZX. 

Table 4.3 Results of CHN analysis 

Sample CHN analysis (%) 

 C H N 

CHS 38.063 6.218 7.074 

ZX - 5.113 - 

CHS/ZX 13.299 3.598 1.867 

Figure 4.2 shows the XRD patterns of the CHS, ZX and CHS/ZX bio-composite.  

The pure CHS exhibited a broad peak at 2θ: 20.88°, indicates the presence of amorphous 

carbon structure (Han et al. 2019), whereas pure ZX typically displayed diffraction 

peaks belong to octahedral structure of zeolite at 2θ: 6.15°, 10.04°, 11.76°, 15.48°, 

18.46°, 20.12°, 23.37°, 26.70°, 29.12°, 30.37°, 30.99°, 32.06°, and 33.61° (Kumar et al. 

2018). Similarly, the same zeolite phase was detected on CHS/ZX but displayed a much 

higher intense peak than ZX. Using peak at 2θ: 6.25, the crystal size of the zeolite phase 

on ZX, calculated according to Debye Scherrer’s equation, is 21.81 nm, while CHS/ZX 

showed a large increment of crystallite size with values of 54.90 nm (Table 4.4). This 

finding can be attributed to the fact that the bio-composite surface particles exhibited a 
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greater tendency towards agglomeration, which was consistent with SEM images. A 

previous study that examined the nano-bio composite of CHS with different zeolites 

also revealed similar findings (Moghaddam et al. 2022), along with an increase in pore 

size in the composite relative to the parent materials, as shown by the BET analysis. 

 

Figure 4.2 XRD patterns of (a) CHS, (b) ZX, and (c) CHS/ZX. 

The enhancement of peak intensity observed in the XRD pattern of the CHS/ZX 

composite can be attributed to several factors related to the interaction between chitosan 

and zeolite. 

Firstly, chitosan has been shown to promote increased crystallinity when 

incorporated into composites. The study by Marroquin et al. (2013) demonstrated that 

the addition of materials like Fe3O4 and carbon nanotubes to chitosan resulted in sharper 

and more pronounced peaks in the XRD pattern, indicative of enhanced crystallinity. 

Similarly, in the CHS/ZX composite, chitosan likely facilitates a more ordered 

arrangement of the zeolite particles, thereby increasing the overall crystallinity of the 

composite. This is reflected in the XRD pattern as more intense peaks. 
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Secondly, the combination of chitosan and ZX likely results in a synergistic 

effect, where the interaction between these two materials enhances the structural 

properties of the composite. The study on PE/TPS blends found that chitosan improves 

the homogeneity and interfacial adhesion in composites, contributing to enhanced 

structural properties (Afkhami et al. 2021). This suggests that in the CHS/ZX 

composite, similar synergistic effects are contributing to the observed increase in peak 

intensity. Chitosan may interact with the zeolite framework through its functional 

groups, leading to the stabilization and reinforcement of the crystalline structure. This 

interaction could be responsible for the observed increase in peak intensity, as chitosan 

helps maintain a stable and ordered crystalline framework within the composite. 

Lastly, the presence of chitosan may have contributed to the stabilization of the 

zeolite’s crystalline structure. Chitosan’s ability to interact with and stabilize other 

materials, as evidenced in the study on chitosan nanocomposites (Marroquin et al. 

2013), suggested that it played a similar role in the CHS/ZX composite, preventing 

structural degradation and maintaining the integrity of the crystalline structure. This 

stabilization is crucial in producing the well-defined and intense peaks seen in the XRD 

analysis. 

The nitrogen gas adsorption method provided a clearer view of the BET surface 

area. The values presented in Table 4.4 indicated that CHS had the lowest BET surface 

area of 4 m2/g, these results aligned with the findings from previous studies (Teimouri 

et al. 2016). In contrast, ZX and CHS/ZX exhibited BET surface areas of 452 m2/g and 

251 m2/g, respectively. According to Pei et al. (2019), CHS is typically characterized 

by a non-porous structure, while ZX demonstrated the presence of mesopores structure. 

Indeed, ZX synthesis from treated CFA via alkaline fusion-hydrothermal had resulted 

formation of zeolite with high porous structure which in thus positively impact the 

surface area of adsorbent mesoporous texture. These findings in agreement with Figure 

4.3b which showed that the CHS/ZX isotherm type IV for having formation of 

micropores (d < 2 nm) and mesopores (2 nm < d < 50 nm) structures (Wang et al. 

2020d). The specific surface area (SBET) of the synthesized composites was found to be 

larger than that of CHS. This was likely attributed to the presence of zeolites with high 
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SBET, which were dispersed across the CHS bed, thereby enhancing its overall surface 

area. 

Table 4.4 BET surface area, pore volume and pore size of ZX, CHS and CHS/ZX 
composite. 

Sample Crystallite 
size (nm) 

Surface area 
(m2/g) 

Average 
pore size 

(nm) 

Pore 
volume 
(cm3/g) 

CHS - 4 - - 

ZX 21.81 452.565 6.120 0.111 

CHS/ZX 54.90 251.872 12.811 0.573 

 

Figure 4.3 N2 adsorption-desorption isotherm and pore size distribution of (a), (b) 
CHS, and (c), (d) CHS/ZX  

Figure 4.4 depicts the SEM images of three materials: CHS, ZX, and the 

CHS/ZX composite. Starting with pure CHS (Figure 4.4a), its surface morphology 

appeared smooth and nonporous, which aligned with the literature (Kumar et al. 2018). 

In contrast, the SEM images from the previous study revealed bipyramidal particles 

with a smooth surface morphology for ZX (Figure 4.4b), where particle sizes around 21 

nm. Now, due to a grafting reaction, the SEM images of the CHS/ZX composite 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



139 

 

depicted in (Figure 4.4c, d) show a uniform distribution of ZX bipyramidal particles 

within the CHS biopolymer matrix. This results in a granular texture on the otherwise 

smooth chitosan surface, a layered structure, and the formation of large cavities. The 

presence of ZX particles between the layers of chitosan contributed, to some extent, to 

an increase in the pore size and particle size of the composite, which was consistent 

with the BET results (Figure 4.3). Overall, it was clearly shown that the particle 

structure plays an important role in controlling the BET surface area of the material, 

while the dispersion of ZX particles has a positive effect on the pore properties of 

CHS/ZX. 

 

Figure 4.4 Scanning electron micrographs (a) CHS, (b) ZX, (c), and (d) CHS/ZX  

Qualitative elemental composition determinations were obtained through EDX 

microanalysis, as shown in Figure 4.5. The graphical representation illustrates the peaks 

and corresponding weight percentages of the elements, specifically C, N, O, Si, and Al. 

These elements are essential constituents of both chitosan (CHS) and zeolite X (ZX), 

which are the primary components of the synthesized composites. 
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The presence of carbon (C) and nitrogen (N) is primarily attributed to the 

chitosan structure, which contains amine (NH2) and hydroxyl (OH) functional groups. 

Oxygen (O) is detected as a common element in both chitosan and zeolite, indicating 

the presence of hydroxyl and silanol (Si-OH) groups. Silicon (Si) and aluminum (Al) 

are key components of the zeolite framework, contributing to its crystalline structure 

and adsorption properties. Detecting these elements within the synthesized composites 

validates the successful formation of CHS/ZX composites and provides insights into 

the material's structural integrity. As indicated by the EDX mapping, the uniform 

distribution of these elements suggests that chitosan was effectively integrated into the 

zeolite matrix. This integration is crucial for enhancing the composite's mechanical 

strength, thermal stability, and adsorption capacity, which are essential for its intended 

applications. These results were aligned with the XRD results showed an increase in the 

crystallinity of the composite. 

Moreover, the relative weight percentages of these elements can give further 

insights into the compositional balance and the efficiency of the synthesis process. For 

instance, a higher concentration of Si and Al would reinforce the zeolite's structural 

framework, while the presence of C and N would confirm the incorporation of chitosan, 

potentially leading to improved adsorption characteristics. 

 

Figure 4.5 EDX and mapping of CHS/ZX 
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Figure 4.6 shows the FT-IR spectrum of CHS, ZX, and CHS/ZX composite. The 

CHS revealed absorption band as follows: 3413 cm−1 (–OH stretching ) , 2923 and 2875 

cm−1 (–CH stretching vibration) (Fang et al. 2014), 1655 cm-1 (C=O stretching vibration 

of the secondary amide) and 1593 cm−1 (N–H bending vibration of amide band) 

(Kanimozhi et al. 2016), 1325 cm−1 (C–N stretching vibration), 1157 cm−1 (C–O–C 

stretching vibration of CH–O–CH), 1088 and 1027 cm−1 (C–O stretching vibration) in 

the polysaccharide structure (Sivakami et al. 2013). In the case of ZX,  the result showed 

absorption band at 3469 cm−1, 970 cm−1, 750 cm−1, 670 cm−1, 560 cm−1, and 460 cm−1, 

which corresponded to the vibration of T–OH, Si–OH bond stretching, symmetric Si–

O–T (T = Si or Al) bond stretching, Si–O stretching in the tetrahedral structure of SiO4, 

Si–O stretching, and Al–OH (Luo et al. 2018; Yang et al. 2019a). The FTIR spectrum 

of CHS/ZX demonstrated the amalgamation of absorbance bands arising from the CHS 

and ZX functional groups. The band at 560 cm−1, elucidated the vibration of the external 

linkage between tetrahedral units, and the band at 460 cm−1 was also observed in the 

synthesized composites. The bands at 2920 and 2875 cm−1, related to the stretching 

vibration of the -CH bonds in the CHS ring, were reduced in the synthesized composite, 

in contrast, certain bands were notably absent, including the bands of Si-OH, stretching 

modes of tetrahedral atoms, symmetric stretching vibration mode of Al-O, and vibration 

of Al-OH bands evidencing the chemical interaction between CHS and ZX (Han et al. 

2019; Jawad et al. 2020). This was believed to indicate the successful formation of the 

CHS/ZX composite. It was also noticed that the ZX peaks were more prominent 

compared to CHS in the CHS/ZX composite, possibly due to an electrostatic interaction 

between the negatively charged sites of ZX (Si−O−) and the positively charged sites of 

CHS (NH3
+) (Kumar et al. 2018). 
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Figure 4.6 FT-IR spectra of ZX, CHS, and CHS/ZX 

A detail analysis of TGA curves for CHS, ZX, and CHS/ZX composite was 

showed in Figure 4.7. The TGA for CHS in Figure 4.7a reveals two distinct 

decomposition temperatures. The initial temperature range of 47-125°C with a total 

weight loss of 15% corresponds to the loss of adsorbed water (Kumar et al. 2018). 

What's noteworthy is that the temperature required for this water release (125°C) was 

higher than that for free water, which is typically around 110 °C. This behavior can be 

attributed to the strong hydrogen bonding between the water molecules and the active 

groups (-NH2, -OH) of CHS, as suggested by Patel et al.(2023). The most significant 

weight loss occurs in the range of 150°C to 350°C, where the material's weight dropped 

sharply by 44%. This stage likely represented the thermal degradation of the chitosan 

polymer backbone. The degradation could involve the breakdown of glycosidic 

linkages in chitosan, releasing smaller molecules such as oligomers and monomers 

(Nagireddi et al. 2019). The curve flattened gradually after 350°C, suggesting a slower 

rate of weight loss by 26%, which finally stabilized at around 14% of the original mass 

by 600°C. In the case of ZX (Figure 4.7b), the TGA curve exhibited rapid decline in 

mass by 20% up to ~150 °C. This stage corresponded to the loss of physically adsorbed 

water on the zeolite's surface (He et al. 2020). At higher temperatures (450°C to 600°C), 
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the mass remained relatively stable at about 80%. Furthermore, the thermogram of 

CHS/ZX is shown in (Figure 4.7c). In the initial degradation stage (up to ~150°C), the 

weight of the material declines slightly by 13%. This modest decrease suggested 

releasing a small number of volatile substances, likely including water and other low 

molecular weight volatiles. As the temperature increased to the second stage (150°C to 

400 °C), a significant weight loss was observed, with the material's mass reducing by 

32%. This substantial reduction likely indicated the thermal degradation of the chitosan 

polymer backbone (Díaz-Flores et al. 2021). In the third stage, extending from 300°C 

to 600°C, the rate of weight loss slowed considerably around (15%). The TGA curve 

gradually flattened, suggesting that the remaining material degraded more slowly. This 

stage culminated in the material's weight stabilizing at about 40% of it is original mass 

by 600°C. This reduction was primarily attributed to the release of hydroxyl groups 

present in the composition of zeolites while the metal oxides remained intact. The 

CHS/ZS composites exhibited a higher percentage of residue in comparison to CHS 

alone. The reason behind that was during pyrolysis (burning), the composite formed a 

char layer with a complex structure on its surface. This char layer acted as an insulating 

layer, slowing down the release of volatile substances from the composite (Mahdavi et 

al. 2021). Therefore, the formation of the CHS/ZX composite will affect the second 

degradation step within the char layer and improve the thermal stability of the 

composites in comparison to chitosan. 
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Figure 4.7 TGA patterns of (a) CHS (b) ZX, and (c) CHS/ZX composite, (-) indicates 
weight loss and (+) indicates the remaining mass. 

Assessing the pHPZC value, also referred to as the point of zero charge, is 

essential for understanding interactions at the solid-liquid interface during adsorption 

processes. Variations in surface charge across different pH levels critically influence 

how the surface interacts with adsorbed species. For example, when adsorbing cationic 

species onto a surface with a predominantly positive charge, repulsive forces are likely 

to reduce the adsorption capacity. While several techniques can determine the surface 

charge, adding salt remains the simplest and most effective method. This approach 

involves analyzing the charge transfer between the surface and the solution by 

monitoring the final pH once equilibrium is achieved (Majdoubi et al. 2024). 

Figure 4.8 illustrates the point of zero charge (pHPZC) for the CHS/ZX composite 

stands at 7.5. In scenarios where the solution's pH exceeds this value, the composite’s 

surface charge becomes negative, thereby enhancing its affinity for cations. Conversely, 

when the solution’s pH falls below the pHPZC, the surface becomes positively charged, 

favoring the adsorption of anions. Nonetheless, if adsorption still occurs despite the pH 
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not aligning with the charge requirements of the adsorbent, this indicates the 

involvement of additional mechanisms beyond mere electrostatic attraction. 

 

Figure 4.8 PCZ plot of the CHS/ZX composite 

The X-ray photoelectron spectroscopy (XPS) analysis, presented in Figure 4.9 

and Table 4.5, provided a comprehensive understanding of the surface chemistry and 

elemental composition of the CHS/ZX composite before and after the adsorption of 

VO-TPP and Ni-TPP, respectively. Figure 4.9a shows the initial broad survey scan 

spectrum, featuring distinct peaks such as oxygen (O1s) at about 532 eV indicative of 

hydroxyl groups in chitosan and oxygen in the zeolite framework. Sodium (Na1s) peaks 

at around 1070 eV, and silicon (Si2p) peaks near 102 eV, highlighting the zeolite’s 

structural components. Additionally, nitrogen (N1s) at approximately 400 eV and 

carbon (C1s) at about 285 eV peaks confirmed the integration of chitosan into the 

composite. After the adsorption of Ni-TPP, Figure 4.9b demonstrates significant 

spectral changes, most notably the appearance of Ni2p peak at approximately 855 eV, 

affirming the successful nickel adsorption on the composite's surface. Similarly, after 

VO-TPP adsorption, Figure 4.9c shows a new V2p peak at 517 eV, indicating vanadyl 

porphyrin attachment and further altering the electronic environment of the composite. 

Figure 4.9d depicts the deconvolution of the Ni 2p spectra. The enlarged view 

of the peak at 855.0 eV can be ascribed to the binding energy of Ni 2p3/2, as shown in 
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(Keyhaniyan et al. 2018). According to the literature, the typical peak of metallic Ni at 

852.9 eV, which can be assigned to the binding energy of Ni 2p3/2 (Muthurasu et al. 

2024) and is attributed to impurities in the synthesized zeolite X. Furthermore, as shown 

in the spectra of Ni 2p3/2, the peak appearing at 855.4 eV is attributed to the coordinated 

Ni atoms in Ni-TPP (Keyhaniyan et al. 2018). The XPS spectrum shown in Figure 4.9e 

displays the characteristic peak of vanadyl porphyrin adsorbed on the surface of the 

CHS/ZX composite. The peak centred at approximately 517 eV indicates the presence 

of V2p, which is associated with the vanadyl group in vanadyl porphyrin, according to 

references (Chen et al. 2018). The significance of this peak stems from its direct 

correlation to the oxidation state of vanadium. In this context, the vanadium in the 

vanadyl group typically exhibits an oxidation state of +4, coordinated within the organic 

porphyrin ring (Jia et al. 2020). 

 

Figure 4.9 XPS survey scan of (a) CHS/ZX, (b) CHS/ZX+Ni-TPP, and (c) CHS/ZX+VO-TPP; high 
resolution of (d) Ni2p and (e) V2p spectra of CHS/ZX+Ni-TPP and 
CHS/ZX+VO-TPP, respectively. 
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Table 4.5 Elemental analysis results of the CHS/ZX surface using XPS technology. 

Sample C1s, O1s, N1s, Si2p, Al2p, V2p, Ni2p, 

wt% 

CHS/ZX 38.65 39.84 7.59 9.8 3.97   

CHS/ZX+V 40.2 42.2 4.64 6.94 2.18 3.89 - 

CHS/ZX+Ni 39.13 41.08 4.25 6.83 2.51 - 6.2 

4.3.2 Determination of best matrix formulation on adsorption capacity using design 
expert software 

Regression analysis was used to study the relationship of empirical or predicted models 

generated from experiment data. Among the models (linear, two-factor interaction 

(2FI), quadratic, and cubic polynomial) that can fit the response, the quadratic model 

was suggested as the best for the response generated from experimental design. Table 

4.6 depicts the sequential model sum of the square for the generated data. The fitting 

summary for the model was selected based on the sequential model sum of the square, 

the lack of fit test, and the model summary statistics. Besides, the quadratic model was 

the best due to its highest-order polynomial with significant reaction terms. The reaction 

model revealed an insignificant lack of fits, which ensured the model was good with 

low error (Elouahed et al. 2024). 

The experimental design of CCD matrixes and the percentage removal of metal 

porphyrins are presented in Table 4.7. A total of 13 adsorption experimental runs were 

generated employing detailed conditions designed by RSM. The design was meant to 

enhance the best matrix formulation composite for the adsorption of metal porphyrins, 

which was determined from the optimum synergy of the two materials via percentage 

removal values recorded. 

 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



 

 

148 

Table 4.6 Sequential model sum of squares 

VO-TPP removal Ni-TPP removal  

Source Sum of 
Squares 

Degree 
of 

freedom 

Mean 
Square 

F-value p-value Sum of 
Squares 

Degree 
of 

freedom 

Mean 
Square 

F-value p-value  

Mean  47462.33 1 47462.33   33781.39 1 33781.39    

Linear  42.30 2 21.15 114.10 < 0.0001 5.55 2 2.77 23.89 0.0007  

2FI  41.15 1 41.15 8.50 0.0172 24.85 1 24.85 35.17 0.0002  

Quadratic  282.87 2 141.43 16.69 0.0007 245.75 2 122.87 39.37 < 0.0001 Suggested 

Cubic  0.8260 2 0.4130 4.38 0.0796 0.3355 2 0.1678 1.76 0.2642 Aliased 

Residual 0.4715 5 0.0943   0.4772 5 0.0954    

Total 47829.94 13 3679.23   34058.35 13 2619.87    
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Table 4.7 Actual and predicted response for the adsorption of metal porphyrins onto 
CHS/ZX using central composite design (CCD) 

Run A: Chitosan 
(g) 

B: Zeolite 
(g) 

Ni-porphyrin 
removal rate (%) 

V-porphyrin 
removal rate (%) 

Predicted Actual Predicted Actual 
1 0.58 7.5 57.05 56.85 66.07 65.74 

2 2 11 55.19 55.27 63.90 63.64 

3 2 7.5 51.62 51.22 62.62 63.10 

4 3.41 7.5 45.60 45.98 53.73 54.11 

5 3 10 47.82 47.53 55.51 55.45 

6 1 10 60.90 61.02 70.65 71.09 

7 3 5 45.23 44.93 53.85 53.38 

8 2 7.5 51.62 51.57 62.62 62.77 

9 1 5 53.19 53.45 63.44 63.19 

10 2 7.5 51.62 51.43 62.62 62.65 

11 2 7.5 51.62 51.84 62.62 62.23 

12 2 7.5 51.62 52.02 62.62 62.37 

13 2 4 44.48 44.58 52.48 52.78 

The quadratic model for vanadyl and nickel porphyrins removal in terms of 

coded variables were suggested by the program as follows: 

 

 

(4.19) 

 

 

(4.20) 

The outcomes of the analysis of variance (ANOVA) presented in Table 4.8 

highlight the significance of the linear effects of variables for both porphyrins. 

Additionally, both the interactive effect of CHS dose with ZX dose and the quadratic 

effect of CHS dose and ZX dose were found to be significant in relation to the removal 

of metal porphyrins. The significance of each term was determined by assessing the 

values of F and p; a higher F-value and a lower p-value indicated the increased 

significance of the terms (Chen et al. 2021). 
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At a 95% confidence level, the reaction model demonstrated significance, as 

evidenced by the computed F values of 395.25 and 475.67 for the removal of vanadyl 

and nickel porphyrins, respectively, reflecting very low probability values (p < 0.001). 

This high significance of the fitted model underscores the reliability of the regression 

model in predicting the removal of metal porphyrins. Furthermore, the p-values, serving 

as indicators of the significance of each regression coefficient and the interaction effect 

of cross products, affirmed the reliability of this regression model in predicting metal 

porphyrins removal, with smaller p-values indicating greater significance of the 

corresponding coefficient. Additionally, model terms with p-values less than 0.05 were 

considered statistically significant (Chen et al. 2021). 

The coefficient of determination (R2) values for both suggested models were 

notably high, measuring 0.9965 for vanadyl and 0.9971 for nickel. This high R² 

signified the suitability of these models in describing the experimental data. The R2 

values indicated that the models account for less than 1% of total variations for both 

metal porphyrins. A higher R2 was desirable as it enhanced the model's ability to predict 

the response more accurately (Khan et al. 2021). 

Determining the coefficient of variance (CV) value is crucial as it represents the 

ratio between the standard error of the estimate and the mean value of the observed 

response, expressed as a percentage. These metric gauges the reproducibility of the 

model. The model can be considered reproducible if the CV value is less than 10%. In 

the case of the removal percentages of vanadyl and nickel porphyrins on CHS/ZX, the 

obtained CV values were 0.71 and 0.66 (as shown in Table 4.9), respectively, indicating 

the reproducibility of the models (Bouazizi et al. 2016). 
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Table 4.8 Results of RSM and analysis of variance applied to metal porphyrins removal using CHS/ZX composite 

 VO-TPP removal Ni-TPP removal  

Source Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square 

F-value p-value Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square 

F-value p-value  

Model 366.32 5 73.26 395.25 < 0.0001 276.14 5 55.23 475.67 < 0.0001 significant 

A 152.23 1 152.23 821.24 < 0.0001 131.08 1 131.08 1128.95 < 0.0001  

B 130.64 1 130.64 704.78 < 0.0001 114.67 1 114.67 987.63 < 0.0001  

AB 41.15 1 41.15 222.01 < 0.0001 24.85 1 24.85 214.03 < 0.0001  

A² 12.86 1 12.86 69.36 < 0.0001 15.11 1 15.11 130.12 < 0.0001  

B² 34.19 1 34.19 184.46 < 0.0001 9.54 1 9.54 82.15 < 0.0001  

Residual 1.30 7 0.1854   0.8127 7 0.1161    

Lack of Fit 0.8292 3 0.2764 2.36 0.2125 0.4058 3 0.1353 1.33 0.3822 Not significant 

Pure Error 0.4683 4 0.1171   0.4069 4 0.1017    

Cor Total 367.62 12    276.96 12     
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Table 4.9 Statistical parameters of variance applied to vanadyl and porphyrins 
removal by CHS/ZX composite 

Parameters VO-TPP 
Removal 

Ni-TPP 
Removal 

Standard Deviation  0.4305 0.3407 

Mean 60.42 50.98 

Correlation of 
Variance % 

0.7125 0.6684 

R2 0.9965 0.9971 

Adjusted R2 0.9939 0.9950 

Predicted R2 0.9820 0.9873 

Adequate precision 62.1659 70.9555 

Based on the ANOVA results, the reaction variables with significant influenced 

on metal porphyrins removal were the CHS dose (A) and ZX dose (B). Furthermore, 

the interaction term AB also exhibited a significant impact on the response of metal 

porphyrins removal. The ANOVA analysis indicated that the CHS dose (A) was the 

most influential parameter, as evidenced by the FVO-TPP value of 821.24 and the FNi-TPP 

value of 1128.95. The lack of fit, indicated by F-values of 2.36 and 1.33 for vanadyl 

and nickel removal, respectively, suggests a 2.36% and 1.33% probability that the 

"Lack of fit for F-value" could be attributed to noise (Asikin-Mijan et al. 2017). 

Nevertheless, the ANOVA analysis revealed an insignificant lack of fit in the model, 

affirming that the model adequately fits the experimental data (Bouazizi et al. 2016). 

Moreover, the comparison between predicted and actual values for porphyrins removal, 

with adjusted R2 values of 0.9965 and 0.9971 (Table 4.9) for vanadyl and nickel 

removal, respectively, demonstrated that the model accounted for 99.65% and 99.71% 

of variability (Figure 4.10). Hence, the polynomial model proved to be accurate and 

generally suitable for practical use. 
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Figure 4.10 Predicted value vs. actual of (a) vanadyl porphyrin removal ;(b) nickel 
porphyrin removal 

Furthermore, an examination of residuals was conducted to assess the adequacy 

of the reaction model. Residuals, representing the difference between the observed and 

predicted responses, were analyzed using the normal probability plot (Figure 4.11a, b) 

and the residuals versus predicted response plot (Figure 4.11 c, d). The normal 

probability plot of the residuals indicated that the errors followed a normal distribution, 

forming a straight line and appearing statistically insignificant. Simultaneously, the plot 

of residuals versus predicted response exhibited a random scattering within the limits. 

As a result, it is anticipated that the model provides a reliable estimation and 

demonstrates the capacity to assess the correlation of the variables (Asikin-Mijan et al. 

2017). 
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Figure 4.11 Normal probability plot of the residuals for (a) vanadyl porphyrin removal; (b) 
nickel porphyrin removal; and plot of the residuals vs. predicted response for (c) 
vanadyl porphyrin removal; (d) nickel porphyrin removal 

The regression equation is visually presented through three-dimensional (3D) 

response surface plots and two-dimensional (2D) contour plots in the general graphical 

representation. The 3D response surface plots and 2D contour plots (Figure 4.12) 

provide insights into the impact of the two variables on metal porphyrins removal. 

Notably, the graphical representation indicates that reducing the CHS dose and 

increasing the ZX dose positively influences metal porphyrins removal until reaching 

an optimal value. 
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In Figure 4.12, the 3D and 2D plots depict the interaction effect between the 

CHS dose (A) and ZX dose (B) on removing nickel and vanadium porphyrins. The 

observation suggests that a reduction in the CHS dose, transitioning from a low level (1 

g) to a high level (3 g), results in a decline in metal porphyrins removal concurrently 

with a continuous increase in ZX dose. 

 

Figure 4.12 3D-response surface plot (a, b) and, 2D-contour plot (c, d) for the 
interaction of the two variables 

4.4 MODEL VALIDATION STUDY 

To assess the predictive accuracy of the model, optimal reaction parameters, as 

suggested by the model in Table 4.10, were implemented across three separate trials of 

the VO-TPP/Ni-TPP adsorptive removal using the CHS/ZX composite. The 
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experimental outcomes demonstrated that the removal efficiencies for metal porphyrins 

closely aligned with the model’s predictions, registering an average deviation of 2.64% 

for VO-TPP and 2.59% for Ni-TPP. Although the actual adsorption performance 

slightly underperformed relative to the expectations set by the response surface 

methodology (RSM), the results affirm the model’s substantial accuracy and reliability 

in predicting the adsorption behaviors of VO-TPP and Ni-TPP with the CHS/ZX 

composite. 

Table 4.10 Comparative results of confirmatory experiments for model validation. 

Number Parameters Ni-TPP Removal VO-TPP 

Chitosan 
(g) 

Zeolite 
(g) 

Predicted 
Removal 
Rate (%) 

Experimental 
Removal 
Rate (%) 

Error 
(%) 

Predicted 
Removal 
Rate (%) 

Experimental 
Removal 
Rate (%) 

Error 
(%) 

1 1.024 10 60.754 59.522 2.027 70.542 67.872 3.784 

2 1 9.829 60.592 58.207 3.936 70.456 69.593 1.224 

3 1.1 10 60.275 59.175 1.824 70.158 68.105 2.926 

4.5 VALIDATION OF THE SPECTROPHOTOMETRY ANALYSIS METHOD 

Figure 4.13 displays the calibration curve for the standard solutions of metal porphyrins. 

The method's calibration sensitivity was assessed based on the slope of the calibration 

curves (Figure 4.13). The method's linear range was determined to be from 0.1 to 20 

mg/L for metal porphyrin samples. Under these conditions, acceptable homogeneity of 

variances and the validity of the reported limits of quantitation and linearity (LOQ and 

LOL) were confirmed by statistical methods, including regression coefficient (R²) 

estimation, the "Lack-of-fit" method, and one-way analysis of variance (ANOVA, 

confidence level: 95%, degrees of freedom: 2) (Khorshid et al. 2021). This broad linear 

range demonstrates advantageous attributes of this analytical method, such as 

optimization accuracy for maximum precision and satisfactory accuracy. 
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Figure 4.13 Calibration curve of (a) VO-TPP and (b) Ni-TPP in toluene 

The limit of detection (LOD) was defined based on, and in accordance with, the 

slope of the calibration curves (calibration sensitivity), which were 0.0265 and 0.0249 

(a.u.) mg/L, resulting in LOD values of 0.376 and 0.291 mg/L for VO-TPP and Ni-TPP 

analysis, respectively. The limit of quantitation (LOQ) was determined to be 1.142 and 

0.970 mg/L for total VO-TPP and Ni-TPP, respectively. 

4.6 ENHANCED ADSORPTION OF METAL PORPHYRINS VIA CHS/ZX 
COMPOSITES 

As a preliminary study to demonstrate the impact of grafting chitosan (CHS) with 

zeolite (ZX) on the removal of metal porphyrins from a model solution, we evaluated 

the porphyrin removal capabilities by ZX, CHS, and their composite (CHS/ZX), as 

depicted in Figure 4.14. We used standard solutions of metal porphyrins in toluene at 

concentrations ranging from 10 to 50 mg/L to simulate a broad spectrum of conditions 

reflective of those found in various crude oils, such as Arabian crude oils (Ali & Abbas 

2006). 

Our results demonstrate that the CHS/ZX composite exhibits superior 

adsorption performance compared to CHS and ZX when used individually for the 

adsorption of metal porphyrins. This enhancement is primarily attributed to the 

composite's increased specific surface area and pore size, as confirmed by BET 

characterization, which provides more active sites for adsorption and reduces internal 

diffusion resistance, thereby enhancing the efficiency of mass transfer. Furthermore, 

FTIR analysis confirms the presence of multiple functional groups within the CHS/ZX 
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structure, which facilitates stronger interactions between the composite and the metal 

porphyrins (VO-TPP and Ni-TPP). The experimental data clearly show that the 

adsorption capacities for VO-TPP and Ni-TPP on the modified CHS/ZX composite are 

significantly higher than those observed with the unmodified CHS, thereby validating 

the effectiveness of the composite structure. 

 

Figure 4.14 Comparison of adsorption of (a) VO-TPP, (b) Ni-TPP by ZX, CHS, and 
CHS/ZX composite: contact time = 600 min, temperature = 25°C, dose = 3 g/.L. 

4.7 INFLUENCE OF CHS/ZX DOSAGE 

This study aimed to clarify the influence of the dose of CHS/ZX on the behavior of 

adsorption of porphyrin complexes. Experiments were conducted using dosages 

ranging from 0.006 to 0.012 g, while maintaining constant reaction conditions (T = 

25°C, C0 = 10 mg/L, and V = 5 mL). The resultant data, depicted in Figure 4.15a and b, 

were subjected to analysis using the pseudo-second-order kinetic model, and the 

outcomes are presented in Table 4.13 for comprehensive evaluation and comparison. 

The data result indicates that an increase in the dosage of CHS/ZX or the ratio of 

adsorbent and metal porphyrins leads to a decrease in qe. For example, when the 

CHS/ZX dosage was increased from 0.006 to 0.012 g, the amount of VO-TPP adsorbed 

(qe) decreased from 8.016 to 2.725 mg/g, while the amount of Ni-TPP adsorbed (qe) 

decreased from 7.762 to 2.188 mg/g. The direction of the curves of qt-t at various 

dosages closely resembles that shown in Figure 4.16. 
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The adsorption process at various CHS/ZX dosages exhibited similar behaviour 

concerning the initial concentration of porphyrin and reaction temperature, as 

demonstrated by the successful fit of the pseudo-second-order equation. Moreover, a 

higher CHS/ZX dosage facilitated greater availability of binding sites for the adsorption 

of metal porphyrins, resulting in a larger value of k2(VO-TPP/Ni-TPP) (Wang & Guo 2020). 

As reported in previous literature (Sahmoune 2019), k2(VO-TPP) was slightly higher than 

k2(Ni-TPP), and qe (Ni-TPP) was greater than qe (VO-TPP) under the same conditions. 

 

Figure 4.15 Effect of adsorbent dosage on the adsorption of (a) VO-TPP and (b) Ni-TPP 
by CHS/ZX: C0 = 10 mg/L, contact time = 600 min, temperature = 25°C. 

4.8 INFLUENCE OF TIME AND ADSORPTION KINETIC 

Predicting changes in adsorption over time is crucial when planning adsorption 

processes. To understand this process, various mechanisms, such as mass transfer across 

external boundary layer films, surface adsorption, and molecular diffusion within pores, 

are considered. The adsorption kinetics were studied using PFO and PSO models, the 

Elovich model, and intraparticle diffusion outlined in equations (4.6-(4.9) and 

illustrated in Figure 4.16 and Table 4.11. 

Moreover, the (qt-t) curves exhibit three distinct stages: a rapid stage (t < 90 

min), a slow stage (90 min < t < 420 min), and a stability stage (t > 420 min). During 

the rapid stage, there was a significant increase in adsorption capacity, which suggesting 

that the initial interaction between porphyrins and the CHS/ZX composite is 

characterized by a rapid adsorption rate due to a surface effect, one can deduce that 

adsorption of porphyrin onto CHS/ZX composite is likely characterized as physical  
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Table 4.11 Kinetic models parameters 

  Elovich equation Diffusion equation The pseudo-first-order 
equation 

The pseudo-second-order 
equation 

 

Sample T 
(°C) 

A (g/mg) B 
(mg/(g.min)) 

R2 C 
(mg/g) 

Kd 
(mg/(g. 
min0.5 )) 

R2 qe cal 

(mg/g) 
K1 

(1/min) 
R2 qe cal 

(mg/g) 
K2 

(g/(mg.min)) 
R2 qe exp 

(mg/g) 

VO-TPP 25 3.554 0.745 0.896 5.027 0.211 0.756 9.027 0.034 0.918 9.692 0.005 0.962 9.571 

40 1.200 0.695 0.908 3.703 0.228 0.796 8.063 0.027 0.879 8.831 0.008 0.936 8.672 

55 0.445 0.598 0.900 2.513 0.261 0.781 7.611 0.019 0.916 8.588 0.013 0.938 8.133 

Ni-TPP 25 3.488 0.775 0.873 4.841 0.204 0.748 8.679 0.035 0.861 9.333 0.004 0.921 9.211 

40 0.490 0.581 0.875 2.742 0.265 0.727 7.991 0.019 0.938 8.960 0.005 0.939 8.212 

55 0.313 0.586 0.909 2.020 0.260 0.778 7.251 0.016 0.953 8.260 0.011 0.957 7.433 
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adsorption (Chen et al. 2017). However, as the active sites of the composite are 

partially occupied, the rate of adsorption decreases considerably (Aljerf 2018). 

Ultimately, the adsorption process reaches equilibrium at 420 min. 

Figure 4.16a to f and Table 4.11 indicate that PSO model possesses the highest 

correlation coefficients among the other kinetic models at different temperatures. 

Additionally, the values of qe cal (VO-TPP) obtained from PSO equation are in excellent 

agreement with the experimental values of qe exp, with only a relative error of 

approximately 3% (see Table 4.13). These findings apply to the adsorption process of 

Ni-TPP as well. Thus, the metal porphyrin adsorption processes are accurately fitted 

and described by PSO model (Munagapati et al. 2018). Furthermore, the value of k2 (VO-

TPP) (g/mg·min) at 25, 40, and 55°C is 0.005, 0.008, and 0.013, respectively, while the 

value of k2 (Ni-TPP) is 0.004, 0.005, and 0.011, respectively. These values increase with 

rising temperature, indicating that higher temperatures enhance the driving force and 

adsorption rate, leading to faster adsorption (Akazdam et al. 2017). Under identical 

circumstances, k2(Ni-TPP) is slightly lower than k2 (VO-TPP), while qe (Ni-TPP) is greater than 

qe (VO-TPP). The difference in structure between Ni-TPP and VO-TPP could explain this 

phenomenon. The non-planar configuration of VO-TPP facilitates bonding with 

CHS/ZX, resulting in a faster adsorption rate compared to Ni-TPP. On the other hand, 

while the planar structure of Ni-TPP reduces its steric hindrance, it also limits its 

accessibility to the CHS/ZX composite surface, leading to a lower equilibrium 

adsorption capacity compared to VO-TPP (Chen et al. 2018). UN
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Figure 4.16 Time effect and fitting kinetic models for VO-TPP (a, b, c) and Ni-TPP (d, e, f) 
adsorption on CHS/ZX composite: C0 = 10 mg/L, dose = 3 g/L. 

Table 4.12 displays diverse adjustment results from comparable studies, which 

can be attributed to the utilization of adsorbents possessing distinct surface 

characteristics. 

According to Chen et al. (2017), PFO model best suits the data of kinetic of the 

adsorption process of Ni-OEP by asphaltene. In contrast, another study by Chen and his 

colleagues (2018) determined that PSO is most suitable for the data of kinetic of the 

nickel-porphyrin adsorbed by graphene. This implies that the more intricate surface 

chemistry of asphaltene enables interactions that cannot occur on the surface of 

graphene. Moreover, Caetano et al. (2023) summarized that the Elovich equation is the 

most appropriate model for the kinetic data for porphyrin adsorbed by coconut shell 

activated carbon (CSAC). By examining the capacity of adsorption values shown in 

Table 4.12, it becomes apparent that the conditions selected in this study (including the 

type of solvent, the adsorbent utilized, solid-to-liquid ratio, and porphyrins 

concentration) exhibit superior performance in the adsorption processes when 

compared to those employed by (Caetano et al. 2023b; Chen et al. 2017, 2018). 
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Table 4.12 Comparison of findings from various studies investigating metal porphyrins adsorption by different adsorbent materials at a temperature of 
25°C. 

Metal 
Porphyrin 

Parameters Asphaltene Graphene Coconut 
Shell 

Activated 
Carbon 

This study 

VO-TPP qe (mg/g) 4.562 4.587 - 9.571 

te (min) 750 250 - 480 

Ni-TPP qe (mg/g) 4.450 5.136 6.833 9.211 

te (min) 750 250 600 420 

 

Table 4.13 Kinetic parameters of pseudo-second-order model 

Sample C0 
(mg/L) 

qe cal 
(mg/g) 

K2 
(g/mg.min) 

R2 qe exp 
(mg/g) 

Dose of 
CHS/ZX 

(g) 

qe cal 

(mg/g) 
K2 

(g/mg.min) 
R2 qe exp 

(mg/g) 

VO-TPP 5 1.283 0.002 0.967 1.270 0.006 8.156 0.005 0.951 8.016 

12 2.975 0.006 0.973 2.770 0.009 4.327 0.006 0.966 4.022 

20 6.615 0.048 0.969 5.87 0.012 2.778 0.023 0.971 2.725 

Ni-TPP 5 1.130 0.002 0.963 1.12 0.006 7.948 0.004 0.920 7.762 

12 2.719 0.005 0.968 2.45 0.009 4.119 0.005 0.962 3.84 

20 5.868 0.046 0.931 4.74 0.012 2.203 0.017 0.956 2.188 
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4.9 INFLUENCE OF INITIAL CONCENTRATION AND ADSORPTION 
ISOTHERMS 

The study aimed to determine the impact of the initial concentration of the solution on 

the adsorption capacity of VO-TPP/Ni-TPP in CHS/ZX at equilibrium. To achieve this, 

we investigated adsorption isotherms and evaluated the relationship between 

equilibrium concentration and adsorption capacity. The investigation covered a 

concentration range of 5-20 mg/L, while keeping other reaction conditions constant 

(temperature = 25°C, dose = 1 g/L, and time = 600 min). The concentrations were 

chosen based on prior studies in this field (Caetano et al. 2023; Chen et al. 2017, 2018), 

ensuring that our methods align with established practices and enhance the 

comparability of our results. The resulting data was analyzed using Equation (4.5), and 

the data set (Ce, qe) was plotted to create a visual representation of the findings. 

Furthermore, fit curves were generated using the Langmuir, Freundlich and Dubinin-

Radushkevich isothermal models to help interpret the data. 

The results of the study, including the plots and fit curves, are presented in 

Figure 4.17 and were analyzed using the pseudo-second order kinetic model, as 

illustrated in Table 4.13. According to the results, an increase in the initial concentration 

of porphyrin or a decrease in the ratio of adsorbent and metal porphyrins results in an 

increase in qe. For instance, qe (VO-TPP) rises from 1.270 to 5.870 mg/g as the 

concentration varies from 5 to 20 mg/L, while qe (Ni-TPP) increases from 1.120 to 4.740 

mg/g. These findings suggest that higher concentrations facilitate the dispersion of 

porphyrins in the solution, thereby increasing the likelihood of these molecules adhering 

to the active sites of the adsorbent. Furthermore, curves of qt-t follow a similar trend 

for the different initial porphyrin concentrations, as seen in Figure 4.18. The correlation 

coefficients are high, and the relative error of qe is approximately 3%, indicating that 

the PSO equation fits the adsorption process well. The results are reported in Table 4.13, 

where qe cal is in good agreement with the qe exp at various initial concentrations. On the 

contrary, when the initial concentration increases, the k2(VO-TPP/Ni-TPP) increases. This 

change in k2 with initial concentration is consistent with other reported adsorption 

systems, such as the study by Wanyonyi et al. (2014), who examined the adsorption of 

Congo red from aqueous solutions using roots of Eichhornia crassipes. They observed 
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that the value of k2 increased with rising concentration. This phenomenon can be 

attributed to the fact that, at higher concentrations, the rate of interaction between 

porphyrin molecules and CHS/ZX is influenced by the collision of porphyrin molecules 

with one another (Chen et al. 2018). 

 

Figure 4.17 The effect of initial porphyrin concentration (a) VO-TPP and (b) Ni-TPP. 

To achieve this, we investigated adsorption isotherms and evaluated the 

relationship between the equilibrium concentration and adsorption capacity. The 

resulting data was analyzed using equation (4.5), and the data set (Ce, qe) was plotted to 

create a visual representation of the findings. Furthermore, fit curves were generated 

using the Langmuir and Freundlich isothermal models to help interpret the data. The 

results of the study, including the plots and fit curves, are presented in Figure 4.18. It 

became evident that the capacity of adsorption at equilibrium of metal-porphyrins by 

CHS/ZX is notably higher as solutions with higher concentrations were used. This can 

be attributed to the fact that a higher dosage of metal porphyrins in the solution enhances 

the likelihood of contact between the adsorbate and adsorbent, thereby promoting their 

interaction. These interactions may lead to the formation of multiple layers of adsorbate 

on the adsorbent surface, resulting in a higher adsorption capacity at equilibrium. 
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Figure 4.18 Isothermal fitting models of (a) VO-TPP (b) Ni-TPP at 25°C. 

The equilibrium data were examined to assess their conformity with the 

Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models. Table 4.14 

displays the calculated fitting parameters. Freundlich model is a theoretical framework 

for explaining adsorption processes that take place on surfaces with varying 

characteristics and adsorption energies (Wang & Guo 2020). Unlike other models, the 

Freundlich model allows for the possibility of multilayer adsorption, as there is no 

predicted maximum saturation capacity (Al-Ghouti & Da’ana 2020). To determine the 

most accurate fit, it is necessary to consider properties of the structure of adsorbent and 

adsorbate. 
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Table 4.14 The parameters of the isothermal models for adsorption VO-TPP and Ni-TPP by CHS/ZX. 

Isotherm model Parameters VO-TPP Ni-TPP 

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C 

Langmuir qmax (mg/g) 11.005 11.986 13.069 15.113 15.580 14.947 16.232 17.101 

KL (L/mg) 0.670 0.375 0.246 0.152 0.354 0.301 0.206 0.151 

R2 0.950 0.985 0.994 0.986 0.970 0.981 0.980 0.994 

Freundlich KF (mg/g (mg/L)-1/nF) 4.620 3.630 3.011 2.389 4.464 3.838 3.161 2.636 

n 2.880 2.271 1.971 1.684 2.080 1.986 1.761 1.633 

R2 0.988 0.965 0.962 0.954 0.990 0.975 0.976 0.979 

Dubinin-Radushkevich qmax (mol/kg) 0.01289 0.01284 0.01289 0.01321 0.01578 0.01450 0.01425 0.01419 

KD-R (mol2.J2) 1.1784 2.309 3.756 6.466 2.108 2.132 3.125 5.144 

E (kJ/mol) 0.651 0.465 0.364 0.278 0.486 0.484 0.399 0.311 

R2 0.771 0.856 0.910 0.951 0.814 0.814 0.849 0.896 
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For instance, the surface of CHS/ZX has diverse polar functional groups such 

as hydroxyl, primary amin, ether, amide, and exchangeable cations, which may interact 

with the acid and base active groups of metal porphyrins in distinct ways. Furthermore, 

the presence of a variety of acidic and basic groups within the composition of the metal 

complex raises the possibility of speculating about the potential occurrence of 

multilayer interaction (inter-interaction) between the porphyrin molecules themselves. 

This suggested that the Freundlich model can accommodate complex adsorption 

phenomena that are not accounted for by simpler models. ‘n’ is a constant in the 

Freundlich equation and represented an important indicator of the degree of 

heterogeneity of the adsorbent material and provides information about the adsorption 

process's favourability and intensity (Al-Ghouti & Da’ana 2020). When the value of 1/n 

falls between 0 and 1, it suggested the favourability of adsorption and heterogeneity of 

the adsorbent material. For CHS/ZX, the ‘n’ value of VO-TPP is greater than that of 

Ni-TPP, indicating that VO-TPP demonstrates a higher adsorption intensity on CHS/ZX 

compared to Ni-TPP. The KF parameter is another important parameter that is related 

to the adsorption process and indicates the ability of the adsorbent and adsorbate to form 

interactions. With KF values of 4.620 and 4.464 for the adsorption of VO-TPP and Ni-

TPP onto CHS/ZX, respectively, which exceed those of asphaltene adsorption (0.650 

for vanadyl and 0.316 for nickel porphyrins) (Chen et al. 2017), as well as activated 

carbon adsorption (3.142 for nickel porphyrin) (Caetano et al. 2023b), it can be 

concluded that CHS/ZX exhibits a greater affinity for both of vanadyl and nickel 

porphyrins than both asphaltene and activated carbon, resulting in a higher adsorption 

capacity. According to (Caetano et al. 2023b; Chen et al. 2017), Ni-porphyrin molecules 

exhibited stronger adsorption on the surface of CHS/ZX than asphaltene and activated 

carbon, as evidenced by a higher value of n (CHS/ZX) (2.080) compared to n 

(asphaltene) (1.300) and n (CSAC) (1.969). The qmax values for Ni and V porphyrin 

were compared for various adsorbent materials. CHS/ZX exhibited higher qmax values 

(15.580, and 11.005 mg/g for Ni and V porphyrin, respectively) compared to graphene 

(9.376, 8.304 mg/g for Ni V porphyrin, respectively) (Chen et al. 2018) and asphaltene 

(5.882, 3.571 mg/g for Ni and V porphyrin, respectively) (Chen et al. 2017) (refer to 

Table 4.12). These results suggest that CHS/ZX has a higher selectivity as well as a 

greater adsorption capacity for Ni and V porphyrin in comparison to other adsorbents. 
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Furthermore, the Dubinin-Radushkevich (D-R) isotherm is useful for providing 

key insights into energy parameters associated with adsorption, specifically through the 

calculation of the mean free energy of adsorption (E). The (D-R) model uses terms with 

S.I. units such as mol2/kJ2 and kJ/mol. Therefore, for this isotherm model to be 

applicable, the concentration and adsorption capacity must be expressed in S.I. units, 

specifically mol/L and mol/kg, respectively. 

According to the D-R equation, the KD-R value is utilized to compute the mean 

energy of adsorption, given by E = 1/(2KD-R)0.5 (Salehi et al. 2020). This parameter, E, 

is crucial for identifying the type of adsorption mechanism involved. When the value 

of E ranges between 8 and 16 kJ/mol, the adsorption mechanism is indicative of 

chemical adsorption. Conversely, values of E less than 8 kJ/mol suggest that the 

adsorption mechanism is primarily physical adsorption. For the VO-TPP and Ni-TPP 

molecules in our study, E values were found to be below 8 kJ/mol, indicating that the 

adsorption of metal porphyrins onto the synthesized composites predominantly occurs 

via physisorption. 

4.10 INFUENCE OF TEMPERATURE AND ADSORPTION THERMODYNAMICS 

To investigate the effect of temperature on the removal of vanadyl and nickel 

porphyrins from a toluene solution using CHS/ZX, the study was conducted at 25, 40, 

and 55°C while keeping the other reaction conditions constant (C0 = 10 ppm, m = 0.005 

g, V = 5 mL). Based on data in Figure 4.19, it is evident that, at 25°C, 40°C, and 55°C, 

qe (VO-TPP) and qe (Ni-TPP) decreases as the temperature increases. Specifically, the values 

of qe (VO-TPP) decreased from 9.571 mg/g to 8.672 mg/g and 8.133 mg/g, while those of 

qe (Ni-TPP) decreased from 9.333 mg/g to 8.960 mg/g and 8.260 mg/g, respectively. 
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Figure 4.19 The effect of temperature on the adsorption of VO-TPP (a) and (b) Ni-TPP on 
CHS/ZX 

To evaluate the adsorption processes, the thermodynamic parameters such as 

ΔG°, ΔH°, and ΔS° are taken into account. Equation (4.14) is used to obtain ΔG°, and 

the Langmuir model is utilized to calculate KL as shown in Table 4.14. Van't Hoff 

equation used to determine the free energy (with slope = -ΔH°/R) and enthalpy (with 

intercept = ΔS°/R) as shown Figure 4.20. The parameters of thermodynamics are 

presented in Table 4.15. The value of free energy (ΔG°) was employed to evaluate the 

spontaneity of the process (Sahmoune 2019). The negative values of free energy 

revealed that the processes of adsorption occur spontaneously for vanadyl and nickel 

porphyrins. In all experiments, the free energy value showed an inverse relationship 

with reaction temperature, suggesting that higher temperatures inhibit the driving forces 

for metal porphyrin adsorption and vice versa. These findings aligned with the results 

of the kinetics study (see Section 4.8). UN
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Figure 4.20 Plots of Van't Hoff equation 

As shown in Table 4.15, the free energy values were between -30.011 to -31.360 

kJ·mol−1. As stated by Tarekegn et al. (Tarekegn et al. 2021), when the free energy 

values fall within the range of 0 to 20 kJ·mol−1, it indicated that the prevailing process 

was physisorption. Conversely, when the values range from -400 to -80 kJ·mol−1, it 

suggested that the prevailing process was chemisorption. 

Table 4.15 Thermodynamic parameters of VO-TPP/Ni-TPP 

Sample ��H° 
(kJ/mol) 

��S° 
(J/mol·K) T (K) KL ��G° 

(kJ/mol) 

CHS/ZX+VO-TPP -71.023 -130.795 

303 2.55. 105 -31.360 

308 1.676. 105 -30.804 

313 1.035. 105 -30.050 

CHS/ZX+Ni-TPP -53.987 -76.692 

303 2.0218. 105 -30.776 

308 1.383. 105 -30.312 

313 1.019. 105 -30.011 

Based on our results, the adsorption of metal porphyrins by CHS/ZX was 

characterized as physisorption. These findings were in line with the results of adsorption 
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kinetics (refer to Section 4.8). The initial stage of adsorption, observed as the rapid stage 

within the first hour, suggested that the initial adsorption process was primarily physical 

in nature. Similarly, the enthalpy values categorized the adsorption process as either 

exothermic or endothermic. Table 4.15 displays negative enthalpy values at the tested 

temperatures, indicative of an exothermic nature in the metal-porphyrin adsorption 

process (Sarada et al. 2017). These findings were consistent with the kinetic results of 

adsorption presented in Section 4.8. The study indicated that lower temperatures 

positively influence the adsorption process of porphyrin complexes by the CHS/ZX 

composite. According to the thermodynamic results, the enthalpy values range from -

53.987 to -71.023 kJ·mol-1, which is significantly higher than that of hydrogen bonds 

in the adsorption process (ranging from -5 to -30 kJ·mol-1) (Mechnou et al. 2022). 

Hence, it can be deduced that the interactions between metal porphyrins and CHS/ZX 

exhibit a chemical nature. In essence, the adsorption process encompassed a chemical 

reaction in one of its stages. Analysis of the thermodynamic parameters, encompassing 

free energy and enthalpy, supported the inference that both types of adsorption-

monolayer and multilayer-govern the interaction process between metal porphyrins and 

CHS/ZX. This conclusion implied that metal porphyrin molecules undergo adsorption 

in diverse forms. 

Valuable insights into the disorder of the process at the interface between the 

solid surface of the adsorbent and the solution can be gained by examining the 

alterations in the system's entropy (Silva-Medeiros et al. 2016). Table 4.15 indicated 

that the transfer of VO-TPP and Ni-TPP molecules from the solution with toluene to 

the adsorbed state on the CHS/ZX surface occurs in an orderly manner, as evidenced 

by the negative values of ΔS° within the temperature range of 303 to 313 K (Sahmoune 

2019). Comparing the thermodynamic study parameters for both complexes, it is 

evident that the vanadium complex exhibited higher values than the nickel complex (see 

Table 4.15). This indicated that the adsorption process of the vanadium complex is more 

favorable and is associated with a greater release of heat. The polar characteristics of 

both the adsorbate and adsorbent play a significant role in influencing the behavior of 

the adsorption process. In the present study, both the vanadium complex and the 

CHS/ZX composite exhibit higher polarity compared to the nickel complex, which 

accounts for the ease of adsorption observed in the case of the vanadium complex. 
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4.11 XPS ANALYSIS AND PROPOSED ADSORPTION MECHANISM OF METAL 
PORPHYRINS ONTO CHS/ZX COMPOSITE 

The XPS analysis provided valuable insights into the adsorption mechanism of Ni-TPP 

and VO-TPP onto the CHS/ZX composite, revealing several types of interactions: 

coordination bonds, hydrogen bonding, and π interactions. Each interaction type was 

identified based on the specific changes in binding energy, intensity, and peak shapes 

in the high-resolution XPS spectra of key elements (Ni 2p, V 2p, O 1s, N 1s, and C 1s). 

Coordination interactions were evident from the deconvoluted peaks in the Ni 

2p and V 2p spectra (refer to Figure 4.9 d and e). The Ni 2p spectrum displayed a 

prominent peak at around 853-854 eV, with satellite features at approximately 856-858 

eV, confirming the presence of Ni in the +2-oxidation state. The binding energy and 

satellite features indicated that Ni was in a chemically complex environment, likely 

forming coordination bonds with oxygen-containing groups, such as hydroxyls (-OH) 

or silanol groups (Si-OH) on the composite surface (Kloprogge & Wood 2020). 

Similarly, the V 2p spectrum exhibited a peak at around 514-516 eV, characteristic of 

V in the +5-oxidation state (V(V)), which is typical for vanadyl (VO2+) species. This 

peak position suggested that V was interacting with surface groups of the composite, 

possibly through coordination bonds with oxygen donors (Alharthi et al. 2024). The O 

1s spectrum (Figure 4.21a) further supported the presence of coordination interactions, 

with a peak at ~530.5 eV corresponding to lattice oxygen (M-O-M) in metal oxides or 

silanol groups coordinated with metal centers like Ni and V. This indicated that oxygen 

atoms on the composite surface were involved in forming Si-O-M or Al-O-M bonds, 

confirming the formation of coordination bonds. Additionally, the N 1s spectrum 

(Figure 4.21b) showed peaks around ~398 eV and ~405-406 eV, corresponding to 

pyridinic or pyrrolic nitrogen and quaternary nitrogen, respectively. These peaks 

suggested that nitrogen atoms in the porphyrin rings were involved in coordination with 

metal centers, providing further evidence for chemisorption (Ma et al. 2022). 
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Figure 4.21 High-resolution XPS spectra of the (CHS/ZX) composite after adsorption of Ni-
TPP and VO-TPP: (a) O 1s spectrum, (b) N 1s spectrum, and (c) C 1s spectrum. 

Hydrogen bonding interactions were suggested by the shifts in the O 1s and N 

1s spectrum. The O 1s spectrum showed a peak at ~532 eV, which was associated with 

hydroxyl groups (-OH) and silanol groups (Si-OH) on the zeolite surface and in the 

chitosan matrix. These groups are known to form hydrogen bonds with nitrogen-

containing groups, such as those found in the porphyrin ring structures of Ni-TPP and 

VO-TPP (Zhao et al. 2021). The peak at this binding energy indicated that the hydroxyl 

groups were likely involved in hydrogen bonding with the adsorbed metalloporphyrins. 

Similarly, the N 1s spectrum displayed a peak around ~400 eV, which corresponded to 

amino groups (-NH2) in the chitosan backbone. These amino groups are capable of 

forming hydrogen bonds with hydroxyl or other oxygen-containing groups on the 

composite, further stabilizing the adsorption process (Ma et al. 2022). 

� interactions, such as π-π stacking or cation-π interactions, were indicated by 

the deconvoluted peaks in the C 1s and N 1s spectra. The C 1s spectrum showed (Figure 
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4.21c) a peak at ~284.8 eV, corresponding to aromatic carbon (C=C) from the porphyrin 

rings of Ni-TPP and VO-TPP. The presence of this peak suggested that π-π aggregation 

interactions could occur between the π-electron-rich porphyrin rings and any π-systems 

(Ding et al. 2021) or aromatic groups that might be present on the composite surface or 

that π interactions could involve cations (e.g., protonated amino groups or Na+ ions) 

interacting with the π-electron clouds of the porphyrins (Kloprogge & Wood 2020). The 

N 1s spectrum also supported the possibility of π interactions with its peak at ~398 eV, 

corresponding to pyridinic or pyrrolic nitrogen in the porphyrin rings. These nitrogen 

environments are part of the conjugated aromatic system in the porphyrin structure and 

are likely involved in π interactions due to the electron-rich π system, potentially 

engaging in cation-π interactions with positively charged groups on the composite 

(Castillo & Vargas 2016). The proposed mechanism, based on the XPS results, is 

depicted in Figure 4.22. 

The XPS analysis provided strong evidence for a multi-interaction adsorption 

mechanism involving coordination bonds, hydrogen bonding, and π interactions. The 

deconvoluted peaks and shifts in binding energy across the Ni 2p, V 2p, O 1s, N 1s, and 

C 1s spectra consistently supported these interactions, confirming the complex nature 

of the adsorption process of metalloporphyrins onto the CHS/ZX composite. 
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Figure 4.22 The mechanism of removing nickel and vanadyl porphyrins using the CHS/ZX composite. 
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4.12 Desorption study (recovery study) 

4.12.1 Effect of eluents type 

The adsorbents can be used in the multiple sorption/desorption cycles by applying 

desorption process, and it notably reduces the cost of treatment procedure, adsorbents 

supply and the disposal problems of exhausted adsorbents (Bayuo et al. 2024). In the 

present study, five different eluents have been used to investigate metal porphyrins 

desorption from CHS/ZX composite. As can be seen from Figure 4.23, It was observed 

that the most efficient desorption of metal-porphyrins was achieved using chloroform. 

While hydrophobicity typically enhances the efficiency of organic regenerating agents 

(Genç et al. 2022), our findings reveal that chloroform, despite having lower 

hydrophobicity than toluene, showed higher efficiency in removing the adsorbed metal-

porphyrin complexes from the adsorbent. This unexpected result can be explained by 

the competitive interactions between toluene and the porphyrin molecules for 

adsorption sites (Coltre et al. 2020). Toluene, structurally more similar to porphyrins, 

likely engages with the adsorption sites more readily, thereby reducing its desorption 

efficacy compared to chloroform. 

 

Figure 4.23 Effect of eluent type on the desorption of metal porphyrins 
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4.12.2 Effect of temperature  

Temperature is one of the important parameters which plays significant towards 

adsorbate desorption. Based on obtained data, desorption efficiency was found to be 

increased with increase in temperature from 30−90°C (as shown in Figure 4.24). The 

use of higher temperatures during the desorption process might have influenced the 

increase in the agitation degree of the solvent molecules, promoting a reduction in their 

viscosity and an increase in the diffusion rate on the surface of the adsorbent (Caetano 

et al. 2023a). This increases its energy level in relation to the adsorbed and solvated 

states, a necessary condition for the desorption of organic molecules. Temperature can 

also be a key factor in increasing the solubility of porphyrinic molecules in the eluent, 

thereby enhancing the desorption rate. However, further temperature increases reduced 

the desorption efficiency of metal porphyrins. According to Mohammad et al. (2020), 

an increase in temperature leads to enhanced desorption efficiency up to a certain limit. 

Beyond this point, further temperature increases result in the extraction of more inactive 

compounds, which may be due to greater diffusion of metal porphyrins into the solid 

phase. 

 

Figure 4.24 The effect of temperature on desorption of metal porphyrin using thermo-
chemical method 
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4.12.3 Effect of saturated composite weight 

The effect of CHS/ZX composite loading on desorption efficiency of metal porphyrins 

was also investigated by varying the mass loading ranging from 10 to 50 mg, while 

temperature and contact time were kept constant at 90°C, and 5 h, respectively. Figure 

4.25 shows that the metal porphyrins desorption percentage significantly reduced by 

increasing the dose of CHS/ZX composite loading from 10 to 50 mg. The decrease in 

metal porphyrin desorption efficiency with increasing adsorbent amount was suggested 

to be the result of increasing particle interaction and aggregation, leading to a reduction 

of total adsorbent surface and decrease in diffusional path length under constant elution 

concentration and volume (Daneshvar et al. 2017). As the composite loading increases, 

the eluent volume to composite ratio decreases, thereby diminishing the eluent’s impact 

on porphyrin desorption. 

 

Figure 4.25 Effect of different metal porphyrins saturated CHS/ZX composite loading 

4.12.4 Effect of eluent volumes 

The effect of different volumes (10 to 40 mL) of chloroform on desorption efficiency 

of metal porphyrin from CHS/ZX composite was studied, while composite loading, 
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temperature and contact time were kept constant at 10 mg, 90°C and 5h, respectively. 

As can be seen from Figure 4.26, metal porphyrins desorption efficiency increased with 

an increase in the eluent volume between 10 and 30 mL, then it reached a plateau up to 

40 mL. The reasons for this observation can be attributed to the fact that the increasing 

eluent volume provided a more effective interaction between the eluent and solid 

phases. By increasing the eluent volume, the ratio of eluent volume in relation to the 

composite mass is increased. It means that there is a higher eluent volume for a known 

porphyrin loaded CHS/ZX composite and the impact of eluent on the porphyrin 

desorption efficiency is increased. The plateau pattern at higher volumes shows that 

increasing the eluent volume more than the optimum value had no significant effect on 

the metal porphyrins desorption efficiency (Daneshvar et al. 2017). 

 

Figure 4.26 Effect of different eluent volume 

4.12.5 Effect of contact time and kinetic models 

Figure 4.27 shows the effect of contact time at initial porphyrin concentration of 20 

mg/L. The porphyrin desorption was rapid in the first 3 h, then continued with a slower 

rate during 3-6 h and finally remained constant up to 7 h. These findings are attributed 

to the fact that at the initiation of the experiment, the solid phase exhibited a high 
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concentration of porphyrins. Furthermore, the initial phase is characterized by the purity 

of eluents, likely contributing to an intensified driving force for the concentration 

gradient. As time progresses, a reverse scenario unfolds wherein the concentration of 

porphyrins diminishes in the solid phase while concurrently increasing in the liquid 

phase. Consequently, the rate of porphyrin desorption decreases until equilibrium is 

achieved (Daneshvar et al. 2017). 

 

Figure 4.27 Kinetic models for (a) VO-TPP and (b) Ni-TPP desorption onto CHS/ZX composite. 

The desorption kinetics studies were essential to better understand the 

mechanism of the adsorbent’s regeneration cycle and the potential rate-controlling step. 

The pseudo-first order (PFO) and pseudo-second order (PSO) kinetics models were 

used to study the desorption process of metal porphyrins on prepared CHS/ZX 

composite using the chloroform as eluent. The non-linear first- and second-order 

kinetics equations can be written as the following Equations. (4.21) and (4.22): 

  (4.21) 

  (4.22) 

where, qe des and qt des are the amount of metal porphyrins (mg/g) desorbed at 

equilibrium and time t (min), respectively, while k1 is the rate constant of the pseudo-

first order kinetics (min−1) and k2 is the rate constant of desorption (g(mg∙min−1)). The 

non-linearized plots of the pseudo-first order and pseudo-second order kinetics using 

chloroform as the eluent are presented in Figure 4.27. The determined parameters for 
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these two models used for the desorption process are summarized in Table 4.16. The 

fitness of each model was evaluated using the non-linear regression coefficient, R2, 

residual root means square error (RMSE), and the sum of squares error (SSE) is 

calculated from the following Equations (4.23) and (4.24), respectively (El Messaoudi 

et al. 2023): 

  

(4.23) 

  
(4.24) 

where, n represents the number of experimental points. 

The metal porphyrins desorption process was found to have a better fit with the 

pseudo-first order kinetics model for nickel and vanadium porphyrins. Meanwhile, the 

values of RMSE and SSE were lower in the pseudo-first order kinetics model compared 

pseudo-second order kinetic model. Higher R2 values and lower RMSE and SSE values, 

respectively, showed that the pseudo-first order model used chloroform as an eluent. In 

addition, the qe des values of the pseudo-first order model was closer to the experimental 

qe des values compared with the pseudo-second order model. The rate constants of the 

desorption process were also found to be different using different models. Table 4.16 

shows that the values of the desorption rate constant (K2) for the pseudo-second order 

model are lower compared to the desorption rate constant (K1) for pseudo-first order. A 

low desorption rate constant shows that a shorter time is needed to achieve desorption 

equilibrium (Ahammad et al. 2021). 
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Table 4.16  Pseudo-first order and pseudo-second order kinetics studies for 
desorption of metal porphyrins CHS/ZX composite 

Models  Parameters VO-TPP 
desorption 

Ni-TPP 
desorption 

Pseudo-first order R2 0.983 0.995 

qe 1.117 1.138 

K1 0.008 0.009 

RMSE 0.354 0.393 

SSE 1.758 1.857 

Pseudo-second order R2 0.973 0.991 

qe 1.444 1.412 

K2 0.005 0.007 

RMSE 0.428 0.459 

SSE 2.568 2.960 

The results indicate that the desorption of nickel and vanadium porphyrins from 

the CHS/ZX composite with chloroform as the eluent follows a physical desorption 

mechanism controlled by diffusion, as evidenced by its good fit to the pseudo-first-order 

kinetic model. The desorption rate would, therefore, be essentially determined by the 

rate of porphyrin transfer from the surface to the solvent and not by any other chemical 

reactions. The higher R ² values, along with the lower RMSE and SSE values obtained 

for the pseudo-first order model, hint at a better fit of the desorption process by the 

pseudo-second order model. Furthermore, desorption rate constants (K₁) pertaining to 

the pseudo-first order model are quite high, indicating that the attainment of equilibrium 

is faster and thus further proving that physical interactions, not chemical bonds, rule the 

desorption mechanism (Ahammad et al. 2021). In summary, the high linear correlation 

coefficient obtained between predicted and experimental qe des values confirms the 

suitability of the pseudo-first order model for interpreting the desorption dynamics 

within the present system. 

Therefore, this study has proven that the metal porphyrins desorption process 

using chloroform as an eluent followed the pseudo-first order kinetics model. 
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4.12.6 Effect of initial concentrations of metal porphyrins 

Figure 4.28a displays the metal porphyrins desorption rate profiles at six different initial 

concentrations. At lower initial concentrations (e.g., 10-20 mg/L), the surface of the 

CHS/ZX composite has more available active sites for the metal porphyrins to attach 

to. These metal porphyrins are not in high competition for binding, meaning they form 

weaker, more reversible interactions with the adsorbent. As a result, during desorption, 

the energy required to release the porphyrins from the surface is relatively low. This 

leads to higher desorption rates, as the metal porphyrins are less tightly bound and can 

easily detach from the composite surface. The presence of abundant active sites also 

contributes to maintaining a high desorption efficiency. 

Additionally, at low concentrations, electrostatic repulsion forces between 

adsorbed species are lower, which allows the desorption process to be more efficient. 

The physical and chemical interactions between the composite and metal porphyrins at 

lower concentrations are less intense compared to those at higher concentrations, which 

justifies the higher desorption rates. 

As the concentration of metal porphyrins increases (e.g., 40-60 mg/L), the active 

sites on the CHS/ZX composite surface become more saturated. At this point, the 

available sites for adsorption become limited, leading to stronger interactions between 

the adsorbent and the metal porphyrins. The metal porphyrins, in this case, have to 

compete for the remaining active sites, which results in tighter binding to the surface. 

These stronger interactions, which may include van der Waals forces, electrostatic 

attraction, or coordination bonds, make desorption more challenging. As a result, the 

desorption rates decrease since more energy is required to overcome these interactions 

and release the metal porphyrins from the composite surface. 

Additionally, at higher concentrations, multilayer adsorption or stronger 

chemical interactions might occur, reducing the ability of the metal porphyrins to desorb 

easily. This behavior aligns with the principles of adsorption isotherms, where 

saturation leads to reduced desorption due to stronger adsorbate-adsorbent interactions. 
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Figure 4.28b explores the impact of varying initial metal porphyrins 

concentrations on the desorption capacity. In contrast, the desorption capacity (q des), 

which represents the amount of metal porphyrins desorbed per unit of composite, 

increases with the initial concentration. This is because, at higher initial concentrations, 

more metal porphyrins are adsorbed onto the surface during the adsorption process, 

leaving a larger quantity available for desorption. Even though the desorption rate 

decreases at higher concentrations, the overall desorbed amount increases, as indicated 

by the rising trend in q des. This can be attributed to the fact that a greater total quantity 

of metal porphyrins was initially adsorbed, resulting in more being desorbed despite the 

lower percentage desorption. 

Additionally, the increased q des at higher concentrations reflects the larger 

reservoir of metal porphyrins available on the composite surface, which balances the 

decrease in desorption rate. This outcome suggests that while it becomes harder to 

desorb individual porphyrins, the total quantity desorbed still increases due to the larger 

initial adsorption. 

 

Figure 4.28 Effect of different initial metal porphyrins concentrations in desorption 
experiment 

4.13 ADSORPTION-DESORPTION OF METAL PORPHYRINS CYCLES 

The subsequent adsorption-desorption cycles of CHS/ZX facilitated the assessment of 

this material's capability in the removal and recovery of vanadyl and nickel porphyrins. 

This evaluation was based on the results of the removal rate (R% ads), removal capacity 
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(qe ads), desorption rate (R% des), and desorption capacity (q des), which are detailed in 

Table 4.17. 

Based on the information presented in Table 4.17, it is evident that there was a 

decline in the removal percentage and adsorption capacity of vanadyl and nickel 

porphyrins on CHS/ZX as the number of cycles increased. The most notable disparity 

was observed after the fourth cycle, with a reduction of roughly 50.09% and 51.72% 

for the removal rate of nickel and vanadyl porphyrins, respectively. 

Table 4.17  Adsorption-desorption cycles of metal porphyrins in CHS/ZX under optimum 
experimental desorption conditions 

cycle Ni-TPP porphyrin VO-TPP porphyrin 

qe ads 
(mg/g) 

R% ads q des 
(mg/g) 

R% des qe ads 
(mg/g) 

R% ads q des 

(mg/g) 
R% des 

1 7.97 79.79 4.32 54.19 8.81 88.18 3.92 44.54 

2 7.23 72.35 4.89 67.67 8.11 81.14 4.89 60.34 

3 6.72 67.28 5.31 78.95 7.54 75.42 5.57 73.87 

4 6.47 64.77 6.20 95.84 6.98 69.87 6.11 87.47 

5 5.00 50.09 7.28 145.41 5.17 51.72 6.56 126.99 

Notwithstanding the reduction in the factors related to the adsorption of vanadyl 

and nickel porphyrins on the CHS/ZX surface, a gradual increase in the percentage of 

porphyrin desorption rate and desorption capacity was observed with each cycle. 

Consequently, the desorption of porphyrin molecules previously adsorbed accounts for 

the R% des values exceeding 100% from the fifth cycle onward. Likely, as the cycles 

advanced, the strength of the adsorbent-adsorbate interactions diminished, promoting 

desorption. This phenomenon, referred to as the carry-over effect, is a common issue in 

HPLC analyses due to its impact on the quantitative results per run (Caetano et al. 

2023a). Nevertheless, the outcomes obtained at the conclusion of the regeneration 

cycles indicated that the carry-over effects were beneficial, leading to an increment in 

the partial results achieved per cycle. Over the course of the five cycles, approximately 

36.63 mg/g and 33.42 mg/g of vanadyl and nickel porphyrins were adsorbed, 

respectively. Notably, around 73.7 % (27.076 mg/g) of the adsorbed vanadyl porphyrins 

and 83.8% (28.02 mg/g) of the adsorbed nickel porphyrins were recovered.  
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Efforts have been made to regenerate the adsorbent utilized for the extraction of 

nickel and vanadium from petroleum substances. The regeneration process involved 

soaking the adsorbent in a hydrochloric acid solution to reclaim the nickel ions, as 

demonstrated in both studies (Shahat et al. 2018; Xu et al. 2018). The recovery was 

limited to nickel ions, leaving the free porphyrin base on the adsorbent's surface, which 

possesses considerable value from both laboratory and industrial perspectives. 

4.14 SUMMARY 

The potential of using a composite material consisting of chitosan and synthetic zeolite-

X from coal fly ash (CH/ZX) as a demetallization agent for vanadyl and nickel 

porphyrin was investigated. The CHS/ZX composite was fabricated by immersing as-

synthesized zeolite particles into the chitosan-gelling solution, and the matrix 

formulation was optimized via response surface methodology (RSM). The model's 

reliability in predicting the removal of metal porphyrins using the values of the 

established variables was excitedly validated with a reasonable accuracy error of 0.5%. 

The synthesized composite was systematically characterized using X-ray Photoelectron 

Spectroscopy (XPS), SEM, BET, XRD, FTIR, TGA, and CHN analyses. The adsorption 

and desorption mechanisms of metal porphyrins by the CHS/ZX composite were 

investigated using a model solution containing vanadyl and nickel tetraphenyl 

porphyrin (VO-TPP and Ni-TPP) in toluene. The CHS/ZX composite exhibited double 

the capacity for removing metal porphyrins compared to the individual components 

CHS and ZX. Several parameters that significantly influenced the capacity of 

adsorption were studied, including the temperature of adsorption, the initial 

concentration of metal-porphyrins, and the dose of CHS/ZX composite. The optimal 

conditions of the adsorption process were found to be 25°C (the lower temperature), 

0.006 g of CHS/ZX (minimum of adsorbent dose), and 20 mg/L (maximum of porphyrin 

concentration). The experimental results consistently demonstrated that the pseudo-

second order model provided an excellent fit for the adsorption kinetics. The initial 

stage of adsorption, particularly within the first hour, was marked by its rapidity, 

suggesting that physisorption forces primarily govern the interaction between metal-

porphyrins and CHS/ZX. Furthermore, vanadyl-porphyrins exhibit a greater affinity for 

the CHS/ZX composite, as indicated by the qe values when compared to Ni-porphyrins. 
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The adsorption processes of VO-TPP and Ni-TPP on CHS/ZX were effectively assessed 

through various equilibrium models, such as Langmuir, Freundlich, and Dubinin-

Radushkevich (D-R). The adsorption process was characterized as exothermic and 

spontaneous based on the calculated thermodynamic parameters. The XPS analysis 

provided strong evidence for a multi-interaction adsorption mechanism involving 

coordination bonds, hydrogen bonding, and π interactions. Different factors influencing 

the desorption of metal porphyrins from CHS/ZX composite were explored. 

Chloroform emerged as the most efficient eluent due to its hydrophobic nature, 

facilitating superior desorption compared to other solvents. Temperature played a 

crucial role, with increasing temperatures initially enhancing desorption efficiency by 

promoting solvent agitation and diffusion, yet excessively high temperatures ultimately 

led to decreased efficiency. Moreover, the mass loading of the CHS/ZX composite 

inversely affected desorption, as higher loading resulted in decreased desorption 

percentage due to increased particle interaction and reduced surface area availability. 

Additionally, the volume of eluent used significantly impacted desorption efficiency, 

with increasing volumes initially improving efficiency up to an optimal point before 

further increases yielded diminishing returns. The desorption process exhibited time-

dependent behaviour, with rapid desorption initially followed by a slower rate until 

equilibrium was reached. Finally, higher initial concentrations of metal porphyrins led 

to decreased desorption efficiency, likely due to increased particle interaction and 

limited eluent volume. The results regarding adsorption capacity and desorption 

percentage confirmed that, following five adsorption-desorption cycles, approximately 

73.7% and 83.8% of the vanadyl and nickel porphyrins adsorbed by CHS/ZX were 

successfully recovered. The results obtained from model solutions of synthetic 

porphyrins indicate the potential of utilizing the prepared materials, which possess 

diverse active groups and a mesoporous structure, to separate and recover petroleum 

porphyrins from real petroleum samples. 
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CHAPTER V  
 
 

REMOVAL OF NICKEL, VANADIUM, AND IRON FROM CRUDE OIL USING 
CHS/ZX DEMETALLIZATION AGENT.  

5.1 INTRODUCTION 

Crude oil is generally defined as a fuel liquid produced through long-time geological 

activities involving high temperature and pressure in oil reservoirs associated with 

sedimentary rocks and situated beneath earth’s surface piles (Furimsky 2016). This 

natural resource comprises light and heavy hydrocarbon fractions with other impurities, 

including oxygenated-, nitrogenated-, and sulphated-compounds, alongside trace metals 

(Munoz et al. 2019), which must be removed for production of high quality of crude oil 

containing paraffin (alkanes), naphthenes (cycloalkanes), as well as aromatic 

compounds (Corma et al. 2017). Notably, oxygenated, nitrogenated, and sulfonated 

compounds can be effectively removed through absorption and hydrocracking 

processes (Argyle & Bartholomew 2015). However, trace metals pose a challenge due 

to their high solubility, making them difficult to eliminate. These unremoved species 

can poison refinery catalysts and result in poor reaction performance (Jenifer et al. 

2015). Indeed, the crude oil electrical desalting process can remove most metals, such 

as Na, Ca, and Mg, but not for the Ni and V species (Yu et al. 2015). Noteworthy to 

mention, Ni and V are the most abundant trace metals in petroleum and are present in 

amounts from about 10 to about 2000 ppm with V, generally, in higher concentration 

than Ni. Both Ni and V occur in petroleum in two forms, porphyrinic and non-

porphyrinic (Fan et al. 2020). 

The petroporphyrins are concentrated in the high boiling point residual and often 

composed of or associated with heavy oil molecules (preferentially for asphaltene or 

resin) (Castillo et al. 2023). Special attention has been paid to these constituents over 

the past several years. This is because metal complexes are poisonous and can foul 

catalysts or cause undesirable side reactions in refinery operations, such as fluid 
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cracking and hydrodesulfurization (Adanenche et al. 2023). On the other hand, the 

photochemical and photophysical properties of metal porphyrins have been studied 

extensively, owing to the importance of the porphyrin ring system in photosynthetic 

processes and in biological systems (Monteiro et al. 2023). 

Metal porphyrins are compounds with a number of unique properties that allow 

their use in manufacturing of various catalysts, pharmaceuticals, semiconductors, and 

dyes. To successfully develop these and other areas, a considerable variety of metal 

porphyrins with various sets of substituents is needed. Along with synthetic methods of 

obtaining it is possible to obtain natural metal porphyrins from various raw materials of 

vegetable and animal origin. It is also possible to consider various oil facilities with 

high content of vanadium and nickel as the sources of natural porphyrins. 

Currently, removal of vanadium and nickel is an urgent problem for heavy oil; 

a variety of methods are used and developed to do this. Deasphalting process is 

particularly suitable to remove metals and asphaltenes from oil stock. In case of 

deasphalting, asphaltene concentrate formed as a nontarget product can be regarded as 

a raw material for crude extracts of metal porphyrins (Yakubov et al. 2016). The 

extraction of metal porphyrins from asphaltenes is complicated because of the tendency 

to aggregate with asphaltene aggregates (Castillo et al. 2023). This interaction between 

asphaltenes and petroporphyrins may reduce the separation efficiency significantly. 

Petroporphyrins are constructed with a core of π-electron systems, which tend 

to be noncovalently associated or adsorbed to polycyclic aromatic compounds in crude 

oils by physical interactions (Chen et al. 2017). Chen et al. (2013) studied the model of 

vanadium porphyrin adsorption to C7-asphaltene in the pentane solution. The molecular 

evidence of adsorption was identified by using TEM, FT-ICR MS, and BET. The 

thermodynamics calculation showed strong interaction between porphyrin and 

asphaltene. Yin et al. (2009) reported difficulties in separating the petroporphyrins from 

asphaltenes by using chemical modification and selective affinity chromatography. The 

limitations of the approach likely result from the aggregation of asphaltene with 

vanadium components. 
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Shiraishi et al.(2000) developed the demetallization process from model metal 

porphyrins solution and residue oils based on a combination of photochemical reaction 

and liquid-liquid extraction. It was found that this first process was able to demetalize 

“free”-type metal porphyrins but had difficulty in the demetallization of “bound”-type 

metal porphyrins, which are associated strongly with the asphaltenic molecules in 

residue oil. To weaken this association and thus convert the bound-type metal 

porphyrins to the free-type ones, a hydrogen-donating polar solvent, 2-propanol, was 

added to the residue oil and photoirradiated. 

Based on the results presented in the fourth chapter, it was confirmed that the 

chitosan/zeolite X (CHS/ZX) composite, synthesized from coal fly ash, demonstrates 

remarkable effectiveness as a demetallization agent, particularly for the removal of free 

metal porphyrins. Nevertheless, the study was limited as the oil stock originated from 

model solutions, which may not fully demonstrate its effectiveness in real refinery 

conditions. Therefore, this study explores a new demetallization process for vanadyl 

and nickel porphyrins using real crude oil from Basrah as an extension to our previous 

work through the simultaneous release of petroporphyrins and adsorptive removal 

processes using CHS/ZX composite as a demetallization agent. The study begins with 

fractionating crude oil samples, and then it uses the solvent method to determine the 

metallic distribution in saturates, aromatics, resins, and asphaltenes (SARA) fractions. 

Furthermore, the demetallization process was optimized under different conditions, 

such as type of proton-donor solvent, adsorbent dosage, contact time, and temperature, 

to evaluate the adsorbent performance. The study concludes with an assessment of the 

adsorbent performance after the removal process to determine its reusability, aiming for 

an economical and sustainable solution. 

5.2 EXPERIMENTAL 

5.2.1 Chemicals 

The demetallization process has been applied to two Iraqi petroleum crudes, Basrah 

medium and Basrah heavy oils obtained from ONTA company, containing various 

concentrations of (V) and (Ni). Nitric acid (70%) and hydrochloric acid (37%) were 

sourced from Sigma-Aldrich. The analytical grade solvents used included toluene 
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(99.9%), 2-propanol (99.9%), n-heptane (99%), acetone (99.5%), chloroform (99.9%), 

acetonitrile (99.5%) and 1-hexanol (99.5%) from Sigma-Aldrich; ethanol (99.5%) from 

Acros Organics; and cyclohexanol (99.9%) from HmbG. Medium molecular weight 

CHS with a degree of deacetylation between 75–85% and acetic acid were purchased 

from R&M (Malaysia). The adsorbents, including aluminum oxide neutral, were 

purchased from Sigma-Aldrich, while zeolite X, derived from Malaysian coal fly ash, 

was synthesized as described in Section 3.2.3. The adsorbent CHS/ZX used in this study 

was synthesized in the previous chapter, as detailed in Section 4.2.10. 

5.2.2 Distribution of metallic components in fractions of Basrah crude oil samples 

Fractionation is essential for analyzing the metallic elements present in the fractions of 

the studied crude oils. To prevent the loss of metallic components that can occur with 

the conventional liquid-solid adsorption chromatography (LSAC) method, a solvent-

based approach was employed to separate the crude oil fractions including asphaltenes 

and resins. 

a. Deasphalting of the studied crude oils 

Based on China's standard test method SH/T 0266-1992 for the determination of 

asphaltene content in petroleum, the deasphaltization process followed a series of steps 

that began with the preparation of 50 g of crude oil, which is placed in a 500 ml round-

bottom flask equipped with a reflux condenser and a heater. To this, 300 ml of n-heptane 

was added. The mixture was then thoroughly mixed using a magnetic stir bar on a 

hotplate stirrer. The mixture was refluxed for 2 h at 98°C (n-heptane boiling point). 

After refluxing, the mixture was left to settle in a dark place at an ambient temperature 

for 24 h, allowing the asphaltene fraction to separate. The mixture was then filtered to 

remove the asphaltenes, which were continuously washed with n-heptane until the 

solution turned colorless. The yield of asphaltenes was calculated using the following 

equation: 

  (5.1) 
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where  refers to the yield of asphaltenes expressed as a 

percentage by weight;  represents the weight of the filter with asphaltenes collected 

on it, in grams; and  denotes the weight of the empty filter, in grams,  represents 

the wight of crude sample in grams. 

Finally, the deasphalted oil (maltene) was separated from the n-heptane through 

distillation to use in the next stage. 

b. Isolation of resins from deasphalted oil (maltene) via precipitation 

The following steps were involved in the process of isolating resins from deasphalted 

oil (maltene) using acetone as a solvent. First, 50 g of the deasphalted oil (maltene) was 

placed into a beaker. Then, 300 ml of acetone was added to the beaker containing the 

maltene. The mixture was stirred thoroughly using a magnetic stir bar to ensure the 

maltene was evenly dispersed in the acetone. As the acetone interacted with the maltene, 

the resins, which are insoluble in acetone, began to precipitate out as solids (sticky 

solids). Once precipitation was completed, the solid resin fraction was separated by 

vacuum filtration. The filtered resins were then washed with additional acetone until the 

filtration was colorless, ensuring that all soluble components were removed. Finally, 

the resin fraction was air-dried under ambient conditions to remove any residual 

acetone, completing the isolation process. 

5.2.3 Metallic element occurrence in Basrah crude oil 

a. Inorganic and organic metallic components 

The process began by weighing 50 g of investigated crude oil and transferring it into a 

500 ml round-bottom flask. Subsequently, 200 ml of toluene was added to the flask 

equipped with a reflux condenser. The mixture was refluxed for 2 h at 110 C, ensuring 

the crude oil was fully dissolved in the toluene before proceeding to the next step. 

Following the reflux period, the mixture was allowed to cool at room temperature. Equal 

volumes of deionized water (150 ml) and absolute ethanol (150 ml) were then added to 

the flask. The mixture was thoroughly stirred for 30 min to enhance the separation 

process. Subsequently, the mixture was transferred to a separatory funnel, allowing the 
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phases to separate. The water phase (bottom layer) was carefully decanted from the 

funnel, while the oil phase (top layer) was retained. This extraction process was repeated 

twice, with the oil phases from each extraction combined. 

The oil phase was subsequently transferred to a clean round-bottom flask and 

placed in an oil bath maintained at a temperature of 110°C. The toluene was allowed to 

evaporate completely, leaving behind the oil phase. The residue obtained from the oil 

phase was then collected for further analysis. The water and oil phase samples 

underwent inductively coupled plasma mass spectrometer (ICP-MS) analysis to 

determine the metallic elements present. The concentrations of water-soluble 

(inorganic) and oil-soluble (organic) metallic elements were recorded. 

b. Metal salts of petroleum acids components 

In this procedure, we replicated the previous steps with specific modifications: the 

extraction solvent was replaced by a mixture of 1% acetic acid solution and absolute 

ethanol. Our focus shifted to analyzing the proportion of ionized and non-ionized 

metallic elements within an acidic environment. The remaining steps remained 

consistent, including the dissolution of crude oil in toluene, solvent evaporation, and 

subsequent ICP-MS analysis of the metallic elements. 

c. Metalloporphyrins and non-metalloporphyrins components 

The dissolution of crude oil samples was replicated using 200 ml of chloroform under 

refluxing conditions for 2 h. Subsequently, the mixture was treated with 100 g of 

aluminum oxide (alumina), ensuring thorough mixing to achieve complete adsorption 

of the target components. The solid phase was then separated from the liquid phase 

through vacuum filtration, leaving the alumina with adsorbed materials. The saturated 

alumina with the adsorbed materials, was transferred to a Soxhlet extractor, where it 

underwent extraction with acetonitrile. The extraction process continued until the 

porphyrins were fully extracted into the acetonitrile. Finally, the acetonitrile extract 

containing the porphyrins was collected, and the abundance of metallic elements within 

this extract was measured using (ICP-MS). 
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5.2.4 Measuring the metals content in crude oil 

The samples underwent analysis for Ni, V, and Fe concentrations according to the 

standard test method (ASTM D5708-02). A precise quantity of crude oil is accurately 

weighed using a ceramic crucible, slowly heated and then ignited. After combustion, 

the crude oil was calcined in a muffle furnace at 600 ± 25°C to remove carbon residues. 

After the ash was allowed to cool, a small volume of distilled water was added to wet 

the ash and nitric acid, and the hydrochloric acid solutions were then added. The 

crucible was heated slowly to dissolve the ash, and the solution was removed 

quantitatively into a volumetric flask. The residual metals content of crude oil was 

analyzed with (ICP-MS). 

5.2.5 Demetallization study of Basrah crude oil 

A proton-donor solvent was added to the crude oil to facilitate the release of porphyrins, 

ensuring optimal conditions for metal removal. An ultrasonication treatment of 30 min 

was employed to ensure the homogeneity of crude oil solutions for petroporphyrin 

removal experiments. Experimental assessments regarding metal adsorption from 

Basrah crude oil samples were conducted using CHS/ZX as the adsorbent material in a 

batch mode system. Specifically, 25 mL of the crude oil solution, with a defined metal 

concentration, was placed in a 100 mL round-bottom flask equipped with a condenser 

to prevent the loss of volatile components and solvents. Laboratory experiments were 

conducted under varied operating conditions, including type and volume of proton-

donor solvent, temperature (ranging from 28°C to 160°C), adsorbent amount (50–400 

mg/L of CHS/ZX), and contact time (30–300 min). Each experiment was performed in 

triplicate to enhance precision and minimize experimental discrepancies. Following the 

completion of each experiment, the samples underwent vacuum filtration to remove any 

residual adsorbent material in the treated oil. After the phase separation step, the treated 

samples were subjected to vacuum distillation to separate and recover the proton-donor 

solvent. The concentrations of both Ni and V in the treated oil samples were estimated 

based on the method described in Section 5.2.4. 

The efficiency of vanadium/nickel removal from the crude oil was determined 

by ICP-MS; the removal percentage can be calculated using the following equation: 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



196 

 

  (5.2) 

where %R is the percentage removal of vanadium/nickel elements from crude 

oil, C0 is the initial concentration of vanadium/nickel in crude oil (mg/L), and Ct is the 

concentration of metals in crude oil at any time of treatment (mg/L). 

5.2.6 Instruments and material characterization 

X-ray fluorescence spectroscopy (XRF) was utilized for elemental analysis using a 

Philips PW2404 wavelength-dispersive spectrometer. The spectrometer, equipped with 

a rhodium tube, scintillation counter, and LiF 200 crystal, operated at 50 kV and 70 mA. 

The elemental composition of carbon, hydrogen, and nitrogen (C/H/N) was determined 

using the Flash EA1112 organic trace element analyzer. A Perkin Elmer Spectrum 100 

FT-IR with a resolution of 4 cm-1 and a range of 300–4000 cm-1 was employed to 

identify the chemical functional groups in the samples. The concentrations of nickel 

(Ni) and vanadium (V) ions were measured using a NexION 2000 Perkin Elmer USA 

inductively coupled plasma atomic emission spectrometer (ICP-MS) before and after 

treatment with the composite adsorbent. 

5.3 RESULTS AND DISCUSSION 

5.3.1 General characteristics of the studied crude oil 

Table 5.1 presents a comparison of two Basrah crude oil types, Basrah heavy and Basrah 

medium, highlighting their physical properties and metal content, which are crucial for 

refining processes. Basrah heavy crude oil, with a density of 0.91 g/mL, is denser than 

Basrah medium, which has a density of 0.8807 g/mL. This higher density for heavier 

crude oils was attributed by the existence of rich high molecular weight hydrocarbon 

species. In contrast, the lower density of Basrah medium indicates a lighter hydrocarbon 

profile. Previous studies suggest that the complexity of hydrocarbon species in heavy 

crude oil presents greater challenges for the refining process compared to medium crude 

oil (Yarranton et al. 2015). 
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Table 5.1 General characteristics of the studied crude oil samples 

Functions Basrah heavy Basrah medium  

Density (g/mL) 0.91 0.8807 

API gravity 23.7 29.1 

Ni (ppm) 36.66 11.73 

V (ppm) 86.27 69.07 

V/Ni 2.35 5.88 

API gravity, a measure inversely related to density, and it was found that Basrah 

heavy crude oil has an API gravity of 23.7°API while 29.1°API for Basrah medium 

crude oil. Apparently, higher API gravity signifies a greater proportion of desirable 

lighter hydrocarbons such as gasoline (Demirbas et al. 2015). Indeed, the higher API 

gravity of medium crude oil offers advantages for easier refining and more efficient 

conversion into high-value products. A significant difference in metal content is also 

observed, particularly in terms of Ni and V concentrations. Basrah heavy contains 36.66 

ppm of Ni, substantially higher than Basrah medium’s 11.73 ppm. Apparently, Ni 

species may poison the catalyst during catalytic processes such as hydrocracking, and 

higher Ni levels necessitate additional refining measures, increasing operational costs. 

Vanadium content follows a similar pattern, with Basrah heavy containing 86.27 ppm, 

compared to 69.07 ppm in Basrah medium. Both metals pose challenges for refining 

due to their propensity to deactivate catalysts, and higher concentrations in Basrah 

heavy suggested that more extensive measures would be required to mitigate their 

effects (Silva et al. 2017). 

The FT–IR technique is commonly utilized for identifying the functional groups 

in Basrah heavy crude and Basrah medium crude oil. Based on Figure 5.1, analysis of 

the FT–IR spectra of the oil samples revealed similar characteristics. Various functional 

groups, belonging to alkanes, aromatic rings, phenyl rings, aldehydes, ketones, and 

anhydrides appeared in both of crude oils (Adebiyi & Thoss 2014). The FTIR spectra 

analysis in the wavenumber range of 3570–3700 cm-1 indicates the presence of moisture 

in the heavy oil sample (Ghani et al. 2016). Peaks at 2920 cm-1 and 2850 cm-1 

correspond to the asymmetric and symmetric stretching vibrations of aliphatic C-H 

bonds in methylene (Smith 2018). The peak at 1700 cm-1 is associated with stretching 

carbonyl (C=O) groups, indicating the presence of aromatic carboxylic acids (Smith 
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2018). The spectral band near 1455 cm-1 reflects the stretching of C=C bonds within 

aromatic rings, while a band at 1375 cm-1 corresponds to the in-plane bending of O-H 

bonds in phenolic compounds (Smith 2018). A peak near 1154 cm-1 suggests the 

presence of C-C-O in tertiary alcohols, and a peak at 740 cm-1 indicates out-of-plane 

bending of C-H bonds in aromatic structures (Smith 2018). These functional groups, 

particularly those associated with oxygenated species, align with the metal salt fractions 

seen in Table 5.2. 

 

Figure 5.1 FT–IR spectra of Basrah crude oils 

5.3.2 Distribution of metallic components in Basrah crude oil fractions 

In our study, Basrah crude oil samples underwent precise fractionation into three 

distinct components: resins, asphaltenes, and aromatics and saturates. The separation 

procedures, meticulously detailed in Section 5.2.3, ensured that metallic elements were 

retained despite the absence of a solid adsorbent. Based on Figure 5.2, the composition 

of fractions in crude oil samples reveals that heavy crude contains 9.7 wt.% resins and 

3.5 wt.% asphaltenes, while medium crude contains 6.3 wt.% resins and 3.1 wt.% 

asphaltenes. 
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Figure 5.2 Distribution of the fractions of Basrah crude oil. 

Indeed, vanadium emerges as the dominant metallic element in both heavy and 

medium crude oil fractions (Figure 5.3). Specifically, the vanadium content in 

asphaltenes is around 90% for heavy crude and 89% for medium crude. The total 

metallic element content is observed in descending order as follows: asphaltenes > 

resins > aromatics and saturates. These findings are consistent with previous studies 

(Georgiev et al. 2023; Shishkova et al. 2021). 

 

 

Figure 5.3 The proportion of the metallic components in fractions of Basrah crude 
oil samples. 

Considering the experimental findings from Section 5.2.3 the metallic 

components V, Ni, and Fe must be standard in Basrah crude oil exhibit distinct forms. 
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As shown in Table 5.2, those forms include inorganic salts, metal salts of petroleum 

acids, metalloporphyrins, and non-metalloporphyrins. Notably, deionized water 

extraction removed only 6.6% (from heavy oil) and 17% (from medium oil) of iron, 

indicating that most metallic components are oil-soluble compounds. Additionally, a 

smaller fraction of these metallic elements existed as water-soluble inorganic salts, 

making their removal via conventional electric desalting challenging. After extraction 

with a 1% acetic acid solution, the removal rates varied: 1.2% (V, heavy oil), 0.8% (V, 

medium oil), 8.8% (Ni, heavy oil), 1.6% (Ni, medium oil), 19.4% (Fe, heavy oil), and 

27.2% (Fe, medium oil). This phenomenon occurred because some organic compounds 

of metals in the oil samples were primarily metal salts of petroleum acids, which ionize 

readily and migrate into an aqueous phase under acidic conditions. Metalloporphyrin 

constitutes a significant portion of these metals, comprising 98.9% (V), 91.1% (Ni), 

74% (Fe) in heavy crude samples, and 99.2% (V), 98.5% (Ni), and 55.6% (Fe) in 

medium crude samples. The distribution of these metallic elements was notably varied, 

with Fe exhibiting four distinct types (inorganic, acidic salts, porphyrinc and non-

porphyrinc) based on the results of solvent extraction metallic components (see Table 

5.2), while V and Ni are predominantly found as metalloporphyrins. 

Table 5.2 Abundance percentage of metallic elements in the samples after 
solution extraction from heavy and medium crude oil 

Components 
 

Basrah Heavy (%) Basrah Medium (%) 

V Ni Fe V Ni Fe 

Inorganic metallic (water 
soluble) 

- - 6.6 - - 17 

Metal salts of petroleum 
acids 

1.2 8.8 19.4 0.8 1.6 27.2 

Metalloporphyrins 98.9 91.1 74.0 99.2 98.5 55.6 

5.3.3 Demetallization of crude oil 

As described above, the aim of the study was to explore adsorption technology as a pre-

treatment method proposed for Basrah crude oil to remove metals, which was achieved 

using batch adsorption. Indeed, as preliminary study, the adsorption carried out using 

untreated crude oil at various of temperature to identify optimal conditions for achieving 

the highest treatment efficiency. The removal process utilized the CHS/ZX composite 
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as the adsorbent, which had been previously prepared. Table 5.1 shows that crude oils 

were highly viscous liquids at room temperature, so they must be diluted to facilitate 

mixing and phase separation. Figure 5.4 displays the preliminary study results for 

removing V, Ni, and Fe porphyrins from crude oil samples using the CHS/ZX 

composite within a temperature range of 30 to 120°C. The preliminary results from the 

demetallization of crude oils indicated that despite increasing temperatures, the 

demetallization rate remained negligible. This limited efficiency was attributed to the 

difficulty in demetalizing bound-type metalloporphyrins, which were strongly 

associated with asphaltenic molecules (Shiraishi et al. 2000). 

 

Figure 5.4 Variation in the percentage removal of metals from (a) HB and (b) MB, time (6 h), 
CHS/ZX dose (100 mg/L) 

Further investigation was required to address the limitations observed in 

previous studies. Several reports have documented that metal porphyrins bound to the 

asphaltenic fraction of crude oil can be effectively extracted using polar solvents such 

as THF, pyridine, and isopropanol. These studies suggest bound metal porphyrins are 

associated with asphaltene molecules via a π-electronic interaction. Therefore, the 

interaction between the metal porphyrins and asphaltenic molecules must be weakened 

to enhance the removal of these refractory metal porphyrins (Shiraishi et al. 2000). 
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a. Effect of the donor solvent 

To understand the role of the donor solvent, the removal rates of metals using CHS/ZX 

without any solvent were first analyzed. The results in Figure 5.5 showed significantly 

lower removal rates: 20% for V, 15% for Ni, and 30% for Fe. In contrast, the inclusion 

of a proton-donor solvent, such as 1-hexanol, dramatically improved the removal 

efficiency, achieving rates of up to 48% for V, 43% for Ni, and 54% for Fe at a volume 

ratio of 1:0.5 (v/v). These findings highlight the critical role of the donor solvent in 

enhancing the demetallization process by facilitating the release of porphyrins and 

improving their interaction with the CHS/ZX adsorbent. 

Figure 5.5 illustrates the demetallization results of heavy Basrah crude oil using 

CHS/ZX in combination with different alcohols 1-hexanol, 2-propanol, ethanol, and 

cyclohexanol at varying volume ratios. The data reveal a clear relationship between the 

properties of each alcohol and their effectiveness in the demetallization process. Among 

the alcohols tested, 1-hexanol consistently achieved the highest removal rates. At a 

volume ratio of 1:0.5, 1-hexanol resulted in a V removal rate of 48%, Ni of 43% and Fe 

of 54%. Its superior performance can be attributed to its moderate acidity (pKa ≈ 16.84) 

and solubility in the non-polar medium, allowing for enhanced interaction with 

asphaltenes and metal porphyrins (Shiraishi et al. 2000). Although less polar than the 

other alcohols, 1-hexanol's longer carbon chain likely improves its integration into the 

non-polar oil environment, contributing to its effectiveness. Noted, 2-propanol, a 

secondary alcohol, achieved the second-highest removal rates, reaching 40% for V, 

43% for Ni and 48% for Fe at 1:0.5 (v/v). This alcohol's moderate polarity and acidity 

(pKa ≈ 17) enable efficient dissolution of metal porphyrins and effective proton 

donation (Martins et al. 2018). The lower removal rate for ethanol (38% for V, 41% for 

Ni and 47% for Fe) is owing to higher polarity and slightly stronger acidity (pKa ≈ 

15.9). Apparently, higher polarity and bulkier cycloalkyl structure may reduce 

compatibility with the non-polar environment. This finding agreed with exhibited the 

lowest removal rates (30% for V, 35% for Ni and 43% for Fe) by the cyclohexanol, 

despite having moderate acidity (pKa ≈ 16). Its larger structure likely limits effective 

interaction with asphaltenes and metal porphyrins within the oil matrix. Notably, these 

results emphasize the importance of balancing alcohol polarity and molecular structure 
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to maximize metal removal. Based on the observed removal rates, 1-hexanol is the most 

effective alcohol for enhancing demetallization in crude oil. 

 

Figure 5.5 Effect of the addition of alcoholic solvents on the rate removal of vanadium, nickel and 
iron from Basrah heavy. 

b. Effect of adsorbent dose 

Figure 5.6 illustrates the plotted Ni, V, and Fe removal efficiencies against the CHS/ZX 

dose. The graph clearly demonstrated that as the adsorbent dose increased while other 

operational variables remained constant at their optimum values, the removal of metals 

also increased. This relationship could be attributed to the expanded surface area and 

the rise in active sites available for metal ion adsorption (Marhoon et al. 2024). 

Consequently, the functional groups within these active sites had a greater potential to 

bond with the metal ions present on the surface of the adsorbent material, leading to a 

reduction in the concentration of Ni ions in crude oil and an increase in removal 
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efficiency. At a CHS/ZX dose of 100 mg/L, the removal efficiencies of Ni, V, and Fe 

from heavy Basrah crude oil were 40%, 48%, and 57%, respectively, and for medium 

Basrah crude oil, the removal efficiencies were 35%, 43%, and 68%, respectively. Upon 

increasing the CHS/ZX dose to 250 mg/L, the adsorption exhibited enhanced 

effectiveness, resulting in removal efficiencies for Ni, V, and Fe from heavy Basrah 

crude oil of 57%, 64%, and 76%, respectively, and removal efficiencies from medium 

Basrah crude oil of 51%, 61%, and 84%, respectively. However, at doses exceeding 250 

mg/L, no further increase in metal removal efficiencies was observed, likely due to a 

balance between the attractions of metals and the amine and hydroxyl groups of 

CHS/ZX. This result agreed with (Ali et al. 2021; Wang et al. 2011b). 

 

Figure 5.6 Effects of adsorbent dose on demetallization degree for: (a) Basrah heavy; and (b) 
Basrah medium 

c. Effect of contact time 

Figure 5.7 a demonstrates the effect of contact time on the efficiency of metal removal 

from Basrah heavy and Basrah medium crude oil using CHS/ZX as an adsorbent. The 

data reveal a positive correlation between contact time and the removal efficiency of V, 

Ni, and Fe, with all other operational parameters held constant at their optimal values. 

The results indicate that the removal rates for all three metals increase significantly 

within the first 180 min, after which the rate of increase slows, approaching a plateau. 

For Basrah heavy crude oil, the removal rates at 300 min were approximately 20% for 

V, 17% for Ni, and 30% for Fe. Similarly, for Basrah medium crude oil, the removal 

rates reached approximately 22% for V, 18% for Ni, and 47% for Fe after the same 
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contact time. These findings suggest that longer contact times promote higher metal 

removal, although the removal efficiency plateaus after about 270 min. The extended 

contact time allows for increased interaction between the dissolved metal porphyrins 

and the available active sites on the adsorbent. Notably, extending the contact time 

beyond 270 min leads to minimal improvement in removal efficiency, as the active sites 

on the adsorbent become saturated with metal ions, thereby inhibiting further adsorption 

activity. The results also show that the optimal contact time for maximum metal 

removal is approximately 240 min for Basrah heavy crude oil and 210 min for Basrah 

medium crude oil. This disparity is likely due to the lower initial concentrations of 

metals in Basrah medium, as observed in the figure. Beyond these optimal contact 

times, the adsorbent's efficiency stabilizes, and no further significant metal removal is 

achieved. This plateau effect confirms the saturation of the adsorbent’s surface, where 

all available active sites have been occupied by metal ions (Xu et al. 2018). 

 

Figure 5.7 Effects of adsorption time on demetallization degree for: (a) Basrah heavy; and 
(b) Basrah medium 

d. Effect of reaction temperature 

The experiments were conducted to analyze the impact of reaction temperature on the 

removal efficiency of metals from both Basrah crude oil samples under constant optimal 

conditions. As depicted in Figure 5.8, the removal efficiencies of V, Ni, and Fe for 

heavy Basrah crude oil were 24%, 20%, and 30%, respectively, whereas those for 

medium Basrah crude were 22%, 17%, and 49% at a reaction temperature of 28°C. 

However, the removal efficiencies of V, Ni, and Fe for heavy crude oil notably 
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increased to 57.4%, 50.25%, and 68.22%, respectively, with a temperature elevation to 

140°C. Concurrently, the removal efficiencies of V, Ni, and Fe in medium crude oil 

approached 50%, 43.64%, and 76.86%, respectively, under the same conditions. This 

observation was attributed to the increased energy and stretching of the polymer at 

higher temperatures, rendering the active groups more effective and enhancing its 

demetallization properties (Ma et al. 2016). However, beyond 140°C, a noticeable 

decline in removal efficiency is observed for both crude oil types. This reduction can 

be attributed to the difficulty in facilitating the coalescence of water droplets, which is 

necessary for the separation of dissolved metal compounds from the crude oil-water 

mixture. At higher temperatures, this separation becomes more challenging, potentially 

hindering the effective removal of metals (Xu et al. 2018). Temperature has a dual effect 

on the adsorption process. On one hand, increasing temperature reduces the viscosity of 

the crude oil, allowing dissolved metal porphyrins to diffuse more easily and enhancing 

the overall adsorption rate (Caetano et al. 2023a). This is particularly evident in the 

initial temperature range of 40°C to 140°C, where a steady increase in metal removal 

rates is observed for both crude oil types. However, at temperatures exceeding 140°C, 

a decrease in the removal rate was observed, likely due to the increased solubility of 

metal compounds in crude oil, which resulted in stronger competition between the 

adsorbate’s attraction to the solvent and the adsorbent surface (Caetano et al. 2023a). 

To better understand the temperature effects on the adsorption process, further 

investigation through thermodynamic analysis would be beneficial. This approach 

could help clarify the balance between increased diffusion and the limitations caused 

by adsorbate solubility at elevated temperatures. 

The experimental data indicate that the adsorptive treatment achieved the 

highest removal rates for iron, with 85% removal from Basrah medium crude and 80% 

from Basrah heavy crude. For V, the removal rates were 60% for medium crude and 

64% for heavy crude, while for Ni, 52% and 58% were removed from medium and 

heavy crude, respectively. These differences in removal efficiency between the two 

types of crude oil suggest that the composition and properties of the petroleum feedstock 

significantly influence the adsorption process due to the diversity of both the nature and 

concentrations of metallic constituents referred to in Table 5.2. Noted Fe removal shows 

better than V and Ni which associated by the diverse chemical forms such as inorganic 
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metallic forms and metallic salts of petroleum acids in which Fe exists within petroleum 

feedstocks (refer to Table 5.2). Indeed, Fe compounds with tetradentate ligands, exhibit 

non-aromaticity and are more easily demetalized under appropriate conditions 

(Kobotaeva & Skorokhodova 2023). In contrast, V and Ni are typically found as 

metalloporphyrins, combined with alkyl porphyrins that are often integrated into 

asphaltene aggregates through non-covalent interactions (Ding et al. 2021). These 

complexes are more structurally stable and less susceptible to adsorption, leading to the 

observed lower removal efficiencies. Moreover, the higher removal rates of V and Ni 

from Basrah heavy crude, compared to medium crude, can be attributed to the higher 

concentrations of these metals in the heavy crude, which provide more opportunities for 

adsorption (Zhao et al. 2013). These findings align with earlier research, which 

emphasizes that feedstock composition and the form in which metals occur within crude 

oil are critical determinants of adsorption efficiency (Yakubov et al. 2016). In this 

context, Basrah heavy crude demonstrates better adsorption for V and Ni, due to the 

greater concentration of these metals and their interaction potential with the adsorbent. 

 

Figure 5.8 Effects of temperature on demetallization degree for: (a) Basrah heavy; and (b) 
Basrah medium 

5.3.4 Characterization of adsorbent after crude oil treatment 

a. CHNS analysis results 

The comparison of the elemental composition of the adsorbent before and after the 

treatment of the crude oil is shown in Table 5.3. The results reveal distinct changes 
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crucial for understanding the demetallization process. The data showd a significant 

increase in the carbon and hydrogen content from 13.29% to 25.56% and 3.59% to 

5.69%, respectively, after the treatment of the crude oil, indicating an accumulation of 

organic compounds on the adsorbent surface during the demetallization process. 

Table 5.3 Results of CHNS analysis of samples 

Sample Elemental composition 

C% H% N% S% 

Basrah medium 85.231 11.242 0.183 3.034 

Basrah heavy 87.444 11.863 0.252 4.121 

Adsorbent before 
treatment 

13.299 3.598 1.867 - 

Adsorbent after 
treatment 

25.568 5.691 1.994 1.322 

Increment of carbon which suggests the adsorption of organic compounds, such 

as hydrocarbons, from the crude oil. The nitrogen content increased from 1.86% to 

1.99% after treatment, likely due to the adsorption of nitrogen-containing compounds 

from the oil by the adsorbent material. Furthermore, sulfur appeared in the composition 

of the adsorbent after treatment, indicating the adsorbent's significant ability to capture 

and retain sulfur-containing compounds from the crude oil. This represents an 

increment in sulfur content in the adsorbent, as sulfur was adsorbed from the crude oil 

during the treatment process. The presence of sulfur in the adsorbent after treatment 

highlights its effectiveness in capturing sulfur compounds, contributing to the overall 

purification of the crude oil. Overall, the increment in the elemental composition of 

sulfur and other compounds in the adsorbent after treatment demonstrates its ability to 

adsorb and retain a diverse range of organic and inorganic components from the crude 

oil, thereby highlighting its efficiency in the demetallization process. 

b. XRF analysis results 

The results of the XRF analysis, presented in Table 5.4, provide crucial insights into the 

elemental composition of the adsorbent before and after the demetallization and 

desulfurization processes. The XRF data reveal significant increases in the metal 

content of the adsorbent after treatment with Basrah crude oil, including V (from 0% to 
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0.67%), Ni (from 0% to 0.24%), and Fe (from 0.08% to 0.11%). These results confirm 

the adsorbent's substantial capacity for metal removal during the treatment process. In 

addition to metals, the XRF results also show a rise in sulfur content, with an increment 

from 0% to 1.12%. This increase in sulfur content observed through XRF is further 

corroborated by the results from the CHNS analysis (Table 5.3), which similarly 

demonstrates an increase in sulfur content within the adsorbent from 0% to 1.32%. This 

consistency between the two analyses confirms that sulfur was effectively adsorbed 

from the crude oil, validating the adsorbent’s role in desulfurization. By linking the 

CHNS and XRF analyses, it is evident that the adsorbent not only captured metal-

containing compounds but also effectively removed sulfur-containing compounds and 

other organic compounds from the crude oil. 

Table 5.4 Results of XRF analysis for adsorbent before and after the treatment 
process 

Metals 
content % 

Adsorbent before 
treatment 

Adsorbent after 
treatment 

Al 28.81 28.92 

Si 40.28 40.44 

V - 0.67 

Ni - 0.24 

Na 20.36 18.11 

S - 1.12 

Fe 0.08 0.11 

Ca 0.15 0.17 

Ti 0.12 0.15 

Cl - 0.03 

Mg 0.06 0.062 

c. XRD analysis 

The XRD patterns of the chitosan/zeolite X (CHS/ZX) composite, shown in Figure 5.9, 

reveal the structural changes that occurred before and after the demetallization process 

of crude oil. Prior to demetallization, the XRD pattern displays sharp and well-defined 

peaks, which correspond to the crystalline structure of zeolite X, confirming the high 

crystallinity of the CHS/ZX composite. These peaks can be indexed to the zeolite X 

structure, based on the JCPDS card No. 12–0228 (Shi et al. 2021a). After 
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demetallization, the XRD pattern of the composite shows a noticeable decrease in peak 

intensity, particularly in the range of 5° to 30° 2θ. Owing by loss of crystallinity in the 

CHS/ZX composite, likely due to the strain induced within the crystal lattice during the 

metal adsorption process (Ji et al. 2020). The interaction of metal ions with the active 

sites of the zeolite framework may cause distortions in the lattice structure, contributing 

to the observed reduction in crystallinity. Moreover, no significant shift in the position 

of the peaks was observed after demetallization, indicating that the bipyramidal 

structure of the zeolite X remained intact (Li et al. 2020b). This stability is important, 

as it suggests that while the crystallinity may be slightly reduced, the CHS/ZX 

composite retains its framework structure, which is crucial for maintaining its 

adsorption capacity in subsequent cycles. Indeed, minor changes in crystallinity were 

observed, yet none for the CHS/ZX composite framework, which suggested that the 

CHS/ZX composite is highly stable during the demetallization process. 

 

Figure 5.9 XRD pattern of CHS/ZX composite. 

d. N2 adsorption-desorption isotherm 

The N₂ adsorption-desorption isotherms and pore size distribution analyses of 

the CHS/ZX composite, conducted before and after the demetallization process, 

revealed significant changes in the material's adsorption characteristics. Figure 4.3 

illustrate the post-demetallization data, while Figure 5.10 corresponds to the pre-

demetallization results. Prior to the demetallization, the CHS/ZX composite exhibited 
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a high BET surface area of 251 m²/g, indicative of its robust adsorption capacity. 

Following the demetallization, this surface area dramatically decreased to 38 m²/g, 

owing by the partial blockage of pores by adsorbed metal porphyrins and other crude 

oil contaminants (Toncón-Leal et al. 2021). This reduction in accessible surface area 

corresponded directly to the deposition of metal ions and organic residues, which 

inhibited further adsorption by occupying the active sites on the composite (Ding et al. 

2016). Both pre- and post-demetallization isotherms retained the type IV pattern, 

characteristic of mesoporous materials. Despite the observed decrease in surface area, 

the mesoporous structure of the CHS/ZX composite remained intact post-

demetallization, underscoring the composite's structural resilience. The preservation of 

this mesoporous framework is critical for maintaining its adsorption efficiency across 

multiple cycles (Kumar et al. 2023). This structural stability, even in the presence of 

crude oil contaminants, highlights the material's robustness and adaptability for 

adsorption applications. Again, based on the pore size distribution result, after 

demetallization the pore size diameter of CHS/ZX composite reduced remarkably 

which strongly evinced the pore blockage event (Sheldaisov-Meshcheryakov et al. 

2019; Xing et al. 2024). Noteworthy, despite the observed decline in adsorption capacity 

after demetallization process, the composite’s mesoporous structure was preserved, 

suggesting that with appropriate regeneration techniques, the material could be reused 

for multiple adsorption cycles. In summary, the CHS/ZX composite presents 

considerable potential as an adsorbent for demetallization processes, with the possibility 

of enhancing its operational longevity through suitable regeneration method. UN
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Figure 5.10 (a) N2 adsorption-desorption isotherms of CHS/ZX, (b) pore size distribution plots 
of CHS/ZX after crude oil demetallization 

5.4 COMPARISON STUDIES 

The comparison in Table 5.5 highlights the effectiveness of the CHS/ZX composite 

relative to other demetallization agents. Notably, CHS/ZX achieved significant removal 

rates from Basrah heavy crude oil, with 65% of V, 58% of Ni, and 80% of Fe removed. 

Similarly, the removal rates for Basrah medium were 61% for V, 52% for Ni, and 85% 

for Fe, showing comparable or superior performance to other adsorbents. For instance, 

while carboxymethyl chitosan (Wang et al. 2011a) and cationic starch (Wang et al. 

2011b) showed relatively higher removal rates for V and Ni, their reliance on 

microwave irradiation makes them less economically viable for large-scale 

applications. Conversely, while modified synthetic zeolite (Ongarbayev et al. 2020) and 

nature zeolite (Rocha Aguilera et al. 2016) were applied under harsh conditions, 

including high operating temperatures (up to 340°C) and pressure, which elevated 

energy costs, their efficiency was lower than that observed in our study. Likewise, the 

CHS/ZX composite proved more effective than methods combining microwave 

radiation with azomethine-functionalized cellulose (Negi & Singh 2021), as well as 

spherical polymer brushes with electric desalting (Shen et al. 2023) in removing heavy 

metal from crude oil samples in removing heavy metal from crude oil samples. In 

contrast, the CHS/ZX composite operated efficiently at a much lower temperature 

(140°C), making it more cost-effective while maintaining competitive demetallization 

performance. Additionally, the zeolite X used in the synthesis of CHS/ZX was derived 

from coal fly ash, a waste product, further enhancing its economic and sustainable 
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advantages. The utilization of coal fly ash not only reduces material costs but also 

promotes environmental sustainability by repurposing industrial waste into an effective 

adsorbent. This combination of high efficiency, cost-effectiveness, and sustainability 

makes CHS/ZX a promising alternative for industrial demetallization processes. 

 

 

Table 5.5 Comparison of demetallization agents and performance of CHS/ZX 
composite derived from coal fly ash. 

Adsorbent 
Removal Rate (%) 

Remark References 
Ni V Fe 

Carboxymethyl 
chitosan 

69.79 93.66 - 
Microwave 
irradiation 

(Wang et al. 
2011a) 

Zeolite modified 2% 
V2O5 and 10% TiO2 

40.5 35.5 37.3 Temp.= 340°C 
(Ongarbayev et al. 

2020) 

Cationic starch 

Iranian crude oil 

Microwave 
irradiation 

(Wang et al. 
2011b) 

55 76 - 

Shengli crude oil 

60 79 - 

Spherical polymer 
brushes 

PAM@PB 

Electric 
desalting 

(Rocha Aguilera 
et al. 2016) 

25 - - 

PAA@PB 

54 - - 

Chabazite zeolite - 67.5 - Temp.= 350°C 
(Rocha Aguilera 

et al. 2016) 

Azomethine 
functionalized 

cellulose 
43.24 50.67 - 

Microwave 
irradiation 

(Negi & Singh 
2021) 

This study 
 

Basrah heavy 

- 
 

- 
 

58 65 80 

Basrah medium 

52 61 85 
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5.5 SUMMARY 

This chapter investigated a new demetallization process for Basrah crude oils, 

focusing on the dissociation of petroporphyrins from asphaltenes and their adsorption 

using a CHS/ZX composite adsorbent. While effective for "free"-type metal porphyrins, 

it struggled with "bound"-type porphyrins strongly associated with asphaltenes. To 

overcome this, 1-hexanol, a polar solvent, was used to weaken these bonds, converting 

bound porphyrins to free-type for easier removal. The experimental results 

demonstrated that this new method successfully removed 65% (7.68 mg/g) of V, 58% 

of Ni (3.00 mg/g), and 80% of Fe from Basrah heavy crude oil. Similarly, 61% (5.54 

mg/g) of V, 52% (0.83 mg/g) of Ni, and 85% of Fe were removed from Basrah medium 

crude oil. This process, which includes the recovery of 1-hexanol, was presented as an 

energy-efficient and safe approach for upgrading feedstocks with varying metal 

concentrations. The study outlined the experimental conditions, including, fractionation 

of crude oil samples, determination of the nature of metallic components, and key 

parameters such as temperature, adsorbent dose, and contact time. It emphasized the 

role of polar solvents in dissociating metal porphyrins from asphaltenes, with 1-hexanol 

being the most effective solvent. The findings also showed that increasing the CHS/ZX 

adsorbent dose, along with optimizing contact time and temperature, significantly 

improved the removal efficiency of Ni, V, and Fe. The study concluded with an 

evaluation of the adsorbent post-treatment, showing significant increases in the content 

of metals and sulfur, which confirmed the substantial adsorption capacity of the 

CHS/ZX composite. Overall, this study provided a comprehensive analysis of a novel 

and effective method for the removal of heavy metals from crude oil, presenting a viable 

solution for the purification and upgrading of heavy and medium crude oil feedstocks.
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CHAPTER VI  
 

 

CONCLUSION 

6.1 CESSATION 

This study successfully achieved the synthesis and characterization of high-purity 

zeolite X from Malaysian coal fly ash using an alkaline fusion-assisted hydrothermal 

process. Pretreatment steps, including magnetic separation and acid washing, were 

critical in enhancing the purity of the fly ash, leading to a single-phase zeolite X with a 

high specific surface area (452 m²/g) and excellent crystallinity. The optimized 

synthesis conditions resulted in a zeolite material superior to untreated fly ash-derived 

zeolites, as confirmed by comprehensive characterization techniques such as XRD, 

SEM, BET, and FTIR. 

The synthesized zeolite demonstrated effective removal of vanadium (V) and 

nickel (Ni) ions from aqueous solutions, with adsorption following the pseudo-second-

order and Langmuir isotherm models. This indicated strong adsorption affinity and a 

high degree of surface interaction. The optimized zeolite achieved significant removal 

efficiencies, establishing its potential as a cost-effective and eco-friendly adsorbent for 

heavy metal removal in water treatment applications. 

In addition, the study synthesized and characterized a novel chitosan-modified 

zeolite X (CHS/ZX) composite, specifically designed for the efficient removal of 

vanadyl and nickel porphyrins from model solutions in toluene. The composite 

outperformed its individual components, demonstrating twice the adsorption capacity. 

Adsorption followed the Freundlich isotherm model, with vanadyl porphyrins showing 

greater affinity than nickel porphyrins. The CHS/ZX composite exhibited robust 

regeneration capabilities, recovering 73.7% of vanadyl porphyrins and 83.8% of nickel 

porphyrins after five adsorption-desorption cycles. 
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Finally, the CHS/ZX composite's performance for demetallizing real crude oil 

samples was evaluated, achieving removal efficiencies of 65% vanadium, 58% nickel, 

and 80% iron from Basrah heavy crude oil, and slightly lower efficiencies for medium 

crude oil. The use of 1-hexanol as a hydrogen-donating solvent effectively dissociated 

bound-type metal porphyrins, improving their removal. These findings demonstrate the 

composite's capability as a safe, energy-efficient solution for upgrading heavy and 

medium crude oil feedstocks, with potential for industrial application. 

6.2 RECOMMENDATIONS 

This study has successfully achieved its objectives; however, several recommendations 

are proposed for future advancements: 

1. Develop a synthesis process for chitosan using biowaste to align with recycling 

principles and compare the production costs with current market prices. 

2. Explore the synthesis of additional chitosan derivatives with more reactive and 

selective functional groups to enhance the composite's adsorption capabilities. 

3. Implement column technology for continuous adsorption processes, which 

could improve efficiency, automate regeneration, and streamline composite 

reuse. 

4. Conduct preliminary computational studies, such as Density Functional Theory 

(DFT), to evaluate the potential of the CHS/ZX composite for broader 

applications in industrial and environmental settings. 
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