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This thesis focuses on the usage and reduction of LD-slag by producing zeolite-like potential 

adsorbents using conventional techniques, and the synthesis of calcium carbonate minerals 

via CO2 sequestration. Several types of zeolite synthesis from LD-slag and their applications 

for environmental protection have been discussed. Firstly, zeolite-like material was prepared 

from Linz-Donawitz (LD) process slag of the steel industry for the Removal of Fe3+ from 

Drinking water. Secondly, zeolite A and FAU-type zeolite X was prepared from LD-slag via 

fusion-assisted hydrothermal treatment to examine the physico-chemical and adsorption 

studies. Thirdly, zeolite type-Y was synthesized from LD-slag by ultrasonic facilitated 

hydrothermal route and the prepared zeolite nanoparticles were coated on a polysulfone (PSf) 

membrane and used to remove several contaminants from groundwater sample. Fourth, 

the CO2 sequestration experiments were carried out using LD-slag, which yields value-added 

materials such as precipitated calcium carbonate. The details of the abstract are subsequently 

discussed.  

Cubical-shaped zeolite A was synthesized from the Linz-Donawitz (LD) process slag of the 

Steel Industry, utilizing conventional fusion-assisted hydrothermal treatment. Morphological 

and Physico-chemical characterizations were performed by various characterization 

techniques. A weight ratio of 1:1.2 (LD-slag: NaOH) was maintained during fusion, which 

provides a better binding effect with better mechanical stability to the zeolite framework. Fe3+ 

adsorption studies were performed at 273, 298, 303, and 308 K, respectively, within the range 

of 10-40 mg/L Fe3+ ion concentration for kinetic and isotherm studies. A maximum 

adsorption capacity of 27.55 mg/g was obtained at a 1.4 g/L adsorbent dosage, with 99.99% 

Fe3+ ion removal. Moreover, the Fe3+ adsorption study obeyed the pseudo-second-order 

kinetic model, whereas multistage diffusion controlled the adsorption process. Langmuir 

isotherm model best fitted the equilibrium data suggesting the highly negative charge over 
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the adsorbent surface played a vital role in the electrostatic attraction of Fe3+ ions. Isomorphic 

replacement of silicon by aluminum ion imparted a highly negative charge over the zeolite 

surface in the primary structure unit. For real-life sample drinking water, the Fe3+ ion removal 

efficiency increases to 97.7%. 

The sodium-rich zeolite A and zeolite X (FAU-type) samples were synthesized from LD-slag 

via fusion-assisted hydrothermal treatment. The physicochemical and thermal stability of the 

prepared samples were examined with the help of various characterization techniques namely 

Fourier Transform Infrared (FTIR) Spectroscopy, X-ray diffraction (XRD), and 

thermogravimetric analysis (TGA) analysis at three different pH conditions and treatment 

time. Moreover, the sustainability of the crystalline phase and the corresponding zeolite 

network was evaluated from XRD, FTIR, TGA, and Field-Emission Scanning Electron 

Microscopy (FESEM) analysis. Zeolite A depicts a unique cubical structure and is thermally 

more stable as compared to zeolite type X. Also, zeolite A showed the highest dye removal 

efficiency of 98.13%, as compared to 94.47% for zeolite X, along with equilibrium sorption 

capacities of 25.30 and 23.57 mg/g, respectively. In addition, the study proposes that both the 

synthesized adsorbents are effective and economically sustainable for cationic methylene 

blue adsorption. Furthermore, methylene blue adsorption was regulated by a multistage 

diffusion process that agreed with a pseudo-second-order kinetic model (R2 = 0.999 and 

0.996 for A and X-type zeolites). The Langmuir isotherm model best suited the equilibrium 

data, with monolayer adsorption capacities of 20 and 25.40 mg/g, respectively. 

Faujesite type zeolite Y was prepared via ultrasonic energy facilitated hydrothermal 

technique using Linz-Donawitz (LD) process slag as a precursor material. The surface 

modification of the PSf membrane was conducted with the as-synthesized zeolite powder in 

the presence of N-methyl pyrrolidone (NMP) solvent. The synthetic zeolite nanoparticles 
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(ZNPs) were sonicated by mixing them in NMP solvent before spreading over the membrane 

surface. The ZNPs layered flat sheet membrane was fabricated via dry-cast technique 

followed by phase inversion. The optimization of drying temperature and time was studied 

along with the variation of ZNPs wt.% to obtain defect-free membranes. The developed 

ZNPs layered membranes were characterized for membrane morphology, surface roughness, 

mechanical strength, thermal stability, functional group analysis, and surface hydrophilicity. 

The chemical characterization of all fabricated membranes was examined by X-ray 

photoelectron spectroscopy (XPS). An increased water flux of 28.83 L/m2h was obtained 

whereas the fluoride concentration was reduced to 1.47 mg/L (~ 50.33% reduction) for the 

optimized PSf/Zeolite-1wt.% membrane. Moreover, other contaminants namely chromium 

(Cr6+) and manganese (Mn2+) were removed very significantly by utilizing the modified 

PSf/Zeolite-1wt.% membrane. The regeneration experiment was conducted utilizing an HCl 

solution through dead-end filtration. The flux recovery of membrane PSf/Zeolite-1wt.% was 

found to be 85.43%. 

The waste Linz-Donawitz (LD) slag produced in the steel industries is known to have high 

calcium oxide (CaO) content along with other inorganic salts.  There is an untapped potential 

for the valorization of the waste LD-slag, where the constituent calcium oxide can be 

converted to valuable calcium carbonate and subsequently contributes to the sequestration of 

carbon dioxide. In this study, commercial sugar was introduced as a promoter to enhance the 

conversion of CaO to CaCO3. The valorization of the LD-slag process was conducted in a 

CO2 atmosphere by varying the temperature over 25-55°C. The highest calcium oxide 

conversion was found at 55°C. Various techniques were employed in order to assess the 

crystal growth, textural properties, and thermal behavior of the synthetic CaCO3 formed.  The 

calcite phase is dominated in a temperature range of 25-55°C, whereas unstable vaterite was 
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identified at 45°C. Further, at higher temperature ~55°C, the needle-like aragonite phase was 

found to dominate. The reaction kinetic data are well-fitted with the pseudo-second-order 

model (R2 = 0.99) as compared to other models. The whiteness of the obtained samples was 

measured via UV-spectrometer and the PCC sample achieved at 55°C showed significant 

whiteness characteristics among others. The CO2 sequestration efficiency in this study was 

found to be ~17%. It was estimated that 500 g of CO2 could sequestrate by 1 kg of LD-slag. 

Moreover, the “t” value obtained from the hypothesis test is 49.92, which reveals that the 

presence of commercial sugar in the reaction, leads to a higher Ca(OH)2 concentration. 
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Chapter 1 

Introduction 

 

_________________________________________ 

Content of this chapter is published as below: 

N.S. Samanta, P.P. Das, P. Mondal, M. Changmai, M.K. Purkait, Critical review on the synthesis and 

advancement of industrial and biomass waste-based zeolites and their applications in gas adsorption 

and biomedical studies, J. Indian Chem. Soc. 99 (2022) 100761. 

https://doi.org/https://doi.org/10.1016/j.jics.2022.100761. 

 

This chapter discusses a brief summary of the fundamentals involved in steel slag production. 

It summarizes the state-of-the-art in the production of Linz-Donawitz (LD) slag, its 

composition, and its utilization. The chapter subsequently presents a literature review in 

detail that includes the utilization of LD-slag, slag-derived materials, and problems 

associated with the synthesis of valuable products from slag. Finally, the research scope and 

the objectives of the present work are highlighted in this chapter. 

1.1. Steel slag Background 

Steel slag (SS) is a by-product of the steel manufacturing process. It is formed when iron ore 

or scrap metal is melted in a blast furnace with limestone and coke to make molten iron. 

Impurities in the iron ore react with the fluxing agents (limestone and coke) during the 

smelting process to generate liquid slag. Steel slag is mostly made of calcium, iron, and 

silicon oxides, with trace quantities of manganese, phosphorus, and sulfur. The physical and 

chemical properties of steel may vary depending on the steelmaking process and raw material 

composition. The molten slag is rapidly cooled after being tapped from the furnace, causing it 

to harden into a glassy, granular phase. This granulated slag is then further treated, often by 

drying and grinding, to generate ground granulated blast furnace slag (GGBFS). 

1.1.1. Classification of steel slag 

Steel slag is classified into several categories based on its production processes and 

properties. The integrated steel industry uses two types of converter namely electric arc 
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furnace (EAF) and basic oxygen furnace (BOF), which generate three miscellaneous steel 

slag: EAF, BOF, and LD-slag. EAF slag is produced during the steelmaking process utilizing 

electric arc furnaces. It is made up of oxides, fluxes, and impurities. EAF slag is typically air-

cooled and can be utilized as a building material or processed into products like lightweight 

aggregate. BOF slag is a mixture of fluxes, impurities, and oxidized steel that is produced 

during the steelmaking process in a basic oxygen furnace. It is extensively utilized in 

construction as road bases, fill materials, and aggregates. On the other hand, further 

purification of purified liquid steel through a ladle creates LD-slag. Because of the oxygen 

infusion, contaminants such as carbon, silicon, and phosphorus oxidize and create liquid slag. 

The LD-slag is predominantly constituted of calcium, iron, silicon oxides, and other elements 

found in the raw materials utilized. Figure 1.1 depicts the process flow diagram of different 

steel slag production. 

 

Figure 1.1: Process flow chart of different types of steel slag production. 
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Table 1.1 illustrates the chemical composition of various types of steel slag. From Table 1.1 it 

can be seen that for every slag sample, the CaO content is very much higher than other 

metallic oxides. In LD-slag the CaO was found the highest. The high amount of CaO in LD-

slag can be attributed to the raw materials used in the steelmaking process and the reactions 

that occur during steel production. The compounds like CaO, SiO2, and Al2O3 make the steel-

processed slags more potential for valuable material synthesis which helps in reducing the 

environmental threat. 

Table 1.1: Compositional analysis of different types of slag. 

 

Chemical 

composition (wt. %) 

Slag type References 

 EAF slag BOF slag LD-slag  

CaO 29.5 36.4-45.8 45-52 [1][2] 

SiO2 16.1 10.7-15.2 13-16 [1][2] 

Al2O3 7.6 1-3.4 0.9-1.7 [1][2] 

Fe2O3 
32.56 - 1-8 [1][2] 

TiO2 
0.78 - 0.4-0.9 [1][2] 

MnO 
4.5 2.7-4.3 4-7 [1][2] 

MgO 
5 4.1-7.8 4-5 [1][2] 

V2O5 
- - - [1][2] 

P2O5 
0.6 1-1.5 1.6-2.1 [1][2] 
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1.1.2. Utilization of various types of steel slag   

1.1.2.1. Utilization of electric arc furnace (EAF) slag 

Worldwide, EAF slag is the principal source of silica (SiO2) and alumina (Al2O3). The 

chemical composition is impacted by numerous mineral sources as well as the steel-making 

process. According to Italian road sector technical requirements, EAF slag exhibits superior 

mechanical properties in road applications when compared to natural aggregates in the base 

course and asphalt concrete for flexible pavements [3]. EAF slag offers high density, low 

organic content, and durability as an aggregate in subbase and engineering fill material for 

roadwork applications, according to Maghool et al. [4]. The EAF slag aggregate has been 

utilized as ballast material in railroad applications [5]. It was discovered that the EAF slag's 

robust modulus was greater than that of natural (granite) aggregates [6]. The EAF slag 

exhibits a macro-scale behavior that suggested its particle sharpness and crushing strength 

was higher than those of the granite aggregates, leading to a higher shear strength. Several 

literatures demonstrate the uses of EAF slag as aggregates in concrete [7]. The EAF slag 

performed exceptionally well in terms of compressive and flexural strengths attributed to its 

crushing resistance and high surface friction. Additionally, slag may be utilized in 

geopolymer concretes as a binder that is activated by alkali solutions. In a study, Gobetti et 

al. [8] employed EAF slag as a natural aggregate and suggested that the EAF slag could be 

replaced in epoxy screed construction. They revealed that slag composite has a greater 

flexural modulus than sand one with a high filler percentage. The findings also demonstrate 

that with the same %v/v, sand composites are stiffer and more brittle when compared to slag 

composites. In another study, Singh et al. [9] found EAF slag as a sustainable construction 

material by changing it to fresh EAF slag via a sequential water leaching experiment taking 

HCl as a leaching agent. Results reveal that EAF slag aggregates have excellent mechanical 

characteristics.  
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Aside from its usage as a construction and road material, researchers have discovered EAF 

slag to be a promising source of adsorbent materials. The constituents like silica and alumina 

of EAF slag make it a more useful precursor for zeolite-like mineral synthesis [10].   

1.1.2.2. Utilization of basic oxygen furnace (BOF) slag 

 Previous literature surveys revealed that solid waste EAF slag was utilized for various 

purposes ranging from construction material to adsorbent for wastewater treatment. However, 

several studies focused on the preparation of cementitious material from waste BOF slag [11–

13]. Recent studies focus on the preparation of geopolymer-like adsorbent material for 

wastewater treatment. In a recent study, Sun et al. [14] examined the feasibility of BOF slag 

by incorporating it into the geopolymer. Results achieved from the findings reveal that the 

addition of BOF aggregate prolongs the stability and strength. This study proved and stated 

that the production of metakaolin-geopolymer and BOF slag-like concrete material would be 

a promising solution for the re-utilization of steel slag and that proportionally alleviate the 

environmental impacts. In a geopolymer preparation study, Sithole et al. [15] used BOF slag 

as a supplement, fly ash (FA) as a silica source, and NaOH as a reagent. The solid/liquid 

(S/L) ratio was maintained at 20%, while the blending ratio was set at 10% FA. Using H2O2 

as a blowing agent, the FA/BOFS-based geopolymer's porosity was increased. The 

synthesized geopolymer was used to treat Acid Mine Drainage (AMD) and remove metals, 

sulfates, and acidity.    

In another avenue, carbon dioxide (CO2) capturing techniques were built up in terms of 

greenhouse gas reduction as well as environmental protection. Several studies were explored 

for CO2 storage as well as its capturing by employing potential adsorbent, biosorption, 

chemical looping, and membrane-based separation process. Among the techniques, ex-situ 

rapid carbonation using alkaline metal oxide and/or silicates will produce stable carbonate 
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phases. However, the use of natural elements in the process of collecting CO2 results in poor 

efficacy and significant energy use throughout the pre-treatment process [16,17].  

Due to great mineralogy, availability, low process cost, and chemical properties, the use of 

steel industry slag as a CO2 sorbent material is one viable option. Additionally, the slag's 

highly alkaline state is advantageous for the CO2-capturing mechanism [18]. It is assumed 

that one ton of treated raw steel can produce 300-400 kg of BOF slag. The BOF slag was 

made up of a number of constituents, namely CaO, Fe2O3, Al2O3, SiO2, and MgO. The size, 

pore shape, and surface heterogeneity of BOF slag will significantly increase its potential to 

absorb CO2 [19]. In a recent study, Winayu et al. [20] utilized steel-processed BOF slag as a 

potential adsorbent for CO2 adsorption in a fluidized bed reactor. The findings obtained 

calcium carbonate (CaCO3) as a value-added product after the carbonation process. The 

investigation reveals that calcium oxide (CaO) content in solid slag plays a significant role in 

CO2 capture at high temperatures. The effect of particle size on adsorption efficiency was 

also examined and results achieved from the study demonstrate that the sorption capacity 

goes down from 24.8 to 24.5% when the particle size ranged between 150-300 and 75-106 

µm, respectively. On the other hand, researchers also synthesized BOF-based adsorbent for 

wastewater treatment.  Mahamudur and other co-authors [21] have prepared polypyrrole 

(PPy)/BOF slag nanocomposite for phosphate removal from contaminated water. 

1.1.2.3. Utilization of Linz-Donawitz (LD) slag 

The disposal of LD-slag has increased dramatically over the past ten years due to high 

disposal prices, large-scale production, and other restrictions, including the reduction in the 

quantity of landfill space that is available and its unsuitability in cement-making processes 

due to its high calcium oxide concentration. Nowadays, researchers are found some 

sustainable ways to the utilization of LD-slag that can reduce environmental risk. Several 
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studies focused on the re-utilization of LD-slag by making different composite and bricks 

type products, ceramic membranes, and geopolymer-like potential adsorbents. Mallik et al. 

[22] have synthesized glass-ceramic composite material with different amounts of glass waste 

and waste LD-slag via the powder metallurgy technique. The results demonstrated that after 

sintering at higher temperatures, the constructed composite material exhibited good hardness 

and tensile strength. Several studies have also looked at the production of sustainable bricks 

using LD-slag as raw material [23]. Singh et al. [24] prepared paver blocks by mixing 20% 

bricks bat with 50% powder LD-slag. The mixture of the following mass ratio was found to 

be best to make the high-strength paver blocks. Water absorption capacity results revealed 

that LD-slag-based prepared blocks have more water absorption capacity when compared to 

the natural aggregates-based blocks. 

Another promising route for recycling steel industry-processed LD-slag was found to be 

ceramic membrane preparation. In this context, Deepti et al. [25] prepared ceramic 

microfiltration (MF) membranes using modified LD-slag as starting material. To create the 

MF membrane, two distinct forms of LD-slag were employed, one of which was untreated 

LD-slag and another one was treated. The modification of LD-slag was conducted to 

manufacture the crack-free ceramic membrane. Because, according to a report, a high free 

CaO content causes structures to hydrate and break [26]. The modified slag was obtained 

after a reaction with the acetic acid in a CO2 environment, resulting in the formation of 

CaCO3 which acts as a binding material in membrane fabrication and adversely reduce the 

effects of CaO. The as-synthesized MF membrane was used to treat the cold rolling mill 

(CRM) wastewater, which is the residue of the steel-making process. The treated water 

obtained after the membrane filtration showed that all parameters like pH, Dissolved oxygen, 

Chemical oxygen demand (COD), iron (Fe), chromium (Cr), etc., were within the permissible 

limit according to the Environmental protection agency (EPA).       
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On the other hand, various research has also found LD-slag as a suitable candidate for 

geopolymer synthesis. Sarkar et al. have synthesized a low-cost potential LD-slag 

geopolymer (LDSGP)-like adsorbent. In the typical geopolymer preparation technique, LD-

slag was washed and dried at room temperature. The sodium silicate powder and 10 M NaOH 

solution were combined in a magnetic stirrer for 24 hours at a weight ratio of 1:1 to create the 

alkaline activator solution [27]. The alkaline activator and cleaned LD-slag were 

mechanically combined in a 2:1 weight-to-weight ratio to create a colloid paste, which was 

then transferred to a polyethylene cylindrical mold with a 35 cm radius and 30 cm height. 

The colloid paste was removed from the mold using a sonicator for 5 minutes, and it was then 

dried at 25°C for 3 days so that geopolymerization could take place. The final product was 

then washed with 0.1 N HCl in order to remove excess alkaline material followed by washing 

with Deionized (DI) water and dried at 105°C for 6 hours. The as-synthesized LDSGP was 

employed for Ni2+ decontamination from wastewater. The highest adsorption capacity was 

found as 85.29 mg/g. In another adsorption experiment, Zn2+ was successfully removed from 

wastewater with a maximum adsorption capacity of 86 mg/g over the LD-slag-derived 

geopolymer [28]. In another study, catalytic assessment of LD-slag derived MIL-53(Fe)/SiO2 

composite was used for methylene blue (MB) degradation with various working conditions 

[29]. The hexagonal nanorod-shaped composite was prepared via a facile single-step 

hydrothermal process. The synthesized composite material shows a good BET surface area of 

149.1 m2/g which was comparatively higher than the raw LD-slag surface area (4.85 m2/g). 

The highest MB degradation was found to be 66.3% with the following experimental 

conditions as follows: initial MB condition: 5 mg/L; dosage of photo-catalyst: 0.5 g/L; pH: 

10. The produced composite catalyst and its behavior during degradation were found to be 

the best among comparable photo-catalysts.  
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In another avenue, Zn2+ and Ni2+-modified LD-slag-based geopolymer was found to be a 

potential adsorbent for fluoride removal, according to Sarkar et al. [30]. Bivalent metallic 

ions Zn2+ and Ni2+ independently have changed LD-slag geopolymeric adsorbent (LDSGP), 

resulting in the creation of Zn-LDSGP and Ni-LDSGP adsorbents, respectively. In the 

modification experiment, a simple bivalent ion exchange approach was used in the chemical 

modification procedure that involved combining 5 g of LDSGP powder with either 100 mL 

of 1M ZnCl2 or 100 mL of 1M NiCl2 solutions, separately, and stirring both solutions for 16 

hours in magnetic stirrer. The obtained samples were then removed from the solutions of zinc 

chloride and nickel chloride, rinsed with distilled water, and evaporated at 105°C. The micro-

petal morphological structured modified adsorbent was employed for the de-fluoridation 

study. Modified Zn-LDSGP adsorbent was found to have maximum fluoride uptake capacity 

(60 mg/g) among others. The study demonstrates that LD-slag-derived nanocomposites could 

be utilized as potential adsorbents for toxic metals removal in wastewater treatment. 

According to Sarkar et al. [31], the modified LD-slag exhibited good adsorbent 

characteristics during the water decontamination process. The modification of LD-slag was 

carried out via acid treatment followed by a microwave irradiation process. After 

modification, the BET surface area of the modified slag sample was enhanced to 81.18 m2/g. 

The prepared adsorbent was employed for phenol adsorption and the highest uptake capacity 

was found to be 3.4 mg/g at 25°C.                          

The preceding sections comprehensively discussed an overview of steel slag, its 

classifications, chemical compositions, and other characteristics. The discussion mainly 

focused on three types of primary steel slags such as EAF, BOF, and LD-slag, and 

emphasized their uses in environmental remediation. It is anticipated that various studies 

utilized steel industry processed waste slag for preparing potential adsorbents, ceramic 

materials, and membranes via several conventional and chemical synthesis routes. 
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Adsorbents and their composites have recently been discovered to be a potential candidate for 

wastewater treatment. 

1.2. State of the art 

This section provides a brief overview of current research before outlining the study findings 

from various literature to suggest a few prospective research subjects that should be included 

in this thesis. The state-of-the-art depicts the potential uses of LD-slag for environmental 

applications. 

1.2.1. Preparation of zeolite-like adsorbent  

1.2.1.1. Overview of zeolite  

The aluminosilicate family of minerals includes zeolites, which can be created artificially or 

naturally. They stand out for having a crystalline, porous structure made up of linked 

channels and cages. Zeolites are beneficial in various industrial and commercial applications 

due to their distinctive characteristics, which provide them with a variety of valuable features. 

Zeolite has a high affinity towards the cations and positively charged ions and hence, it 

absorbs and exchanges them selectively. Zeolites are useful in operations such as water 

purification because of their capacity to remove heavy metals and other contaminants from 

the water via ion exchange. According to Figure 1.2, the tetrahedral structure is linked by 

shared oxygen atoms, resulting in cavities or cages, and connected by either rings or pore 

holes, which dictate the zeolite's size and form. 

Coal, biomass ash, steel slag, and other industrial waste have been discovered to be potential 

sources for zeolite synthesis due to the presence of aluminosilicate and silicate phases. 

Scientific reports on the creation of zeolite from solid waste, such as steel slag are very scant, 

while several studies on the creation of zeolite from CFA and biomass ash have been 
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reported. The following sections provide details on zeolite synthesis from various steel 

industry-produced slags. 

 

Figure 1.2: Step-by-step development of different zeolite structures (reproduced with 

permission from Samanta et al. ©Elsevier [32]). 

 

1.3. Synthesis of zeolites from blast furnace slag (BFS) 

Blast furnace slag is a by-product of the iron manufacturing process in a steel furnace. It is a 

granulated non-metallic substance formed by the melting and solidification of iron ore, 

limestone, and coke ash in the furnace. Blast furnace slag is mostly silicates and 

aluminosilicates. It comprises calcium oxide (CaO), silica (SiO2), alumina (Al2O3), and trace 

quantities of other elements. The presence of silica and alumina in the BF slag makes it more 

precious for zeolite-like mineral synthesis. A few works of literature on zeolite synthesis 

from BF slag are listed below: 
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1.3.1. Literature survey 

In a study, Kuwahara et al. [33] prepared Linde-type zeolite A (LTA) from blast furnace slag 

via a conventional hydrothermal synthesis route at 100°C for 6 hours. High crystalline 

synthetic zeolite A exhibits a significant water adsorption capacity of 247 mg/g. By 

employing the same synthesis technique Guo et al. [34] have prepared A-type zeolite using 

BFS as starting material. The adsorption behavior of the synthesized zeolite was examined by 

removing ammonia from wastewater with a maximum sorption capacity of 83.3 mg/g.  

According to Liu et al. [35], only zeolite P (gismondine-type zeolite) was produced during 

the CO2 mineralizing process using blast furnace slag as the starting material. The well-

crystallized zeolite P was produced in a brief period by hydrothermal treatment at a high 

temperature. The work synthesized spherical-shaped hydroxycancrinite zeolite and 

comprehensively evaluated the impacts of numerous operational parameters such as alkaline 

dose, crystallization duration, and temperature on zeolite crystal structure during zeolite 

production. Wajima et al. [36] attempted to create zeolite-like material by fusing it at high 

temperatures with the addition of NaOH as an alkaline source utilizing iron-steel industrial 

solid waste BFS as silica and alumina source. They attempted to demonstrate the influence of 

EDTA during the zeolitization process. Without the addition of EDTA, a combination of 

hydroxyl sodalite and calcite phases was obtained, whereas zeolite A and zeolite X were 

created following the addition of EDTA. In another experiment, Hu et al. [37] produced 

Medium Pore Framework Type I (MFI) and faujasite (FAU)-type zeolites from titanium (Ti)-

enriched BF slag by a conventional hydrothermal route at various working conditions. The 

surface area of the obtained zeolite samples in this study was found to be 325.2 and 663.2 

m2/g, respectively. Both synthetic zeolites were employed to evaluate the photocatalytic 

activity under Ultraviolet (UV) irradiation and it was found that zeolite Ti-ZSM-5 (MFI) 
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exhibited higher photocatalytic behavior as compared to Ti-containing zeolite X due to the 

presence of TiO2 support in the zeolite ZSM-5 network. 

1.3.2. Possible scope of work 

The above scientific reports emphasized various types of zeolite synthesis by conventional 

techniques using steel industry solid waste BF slag as a precursor material. It is also seen that 

the synthesized zeolites were utilized for different environmental remediation processes 

namely wastewater treatment and gas adsorption. It is assumed that no study has been 

conducted on the synthesis of zeolites utilizing silica and alumina-riched Linz-Donawitz 

converter-generated slag or LD-slag as a precursor material and zeolite-like material can be 

prepared.      

1.4. Synthesis of zeolites from EAF slag 

Like BF slag, EAF slag also comprised zeolite precursor silica and alumina. Researchers 

nowadays, demonstrate the synthesis of various types of zeolite via conventional techniques 

using EAF slag. Few examples are given in the literature survey.   

1.4.1. Literature survey 

Zeolite type-A and hydroxy sodalite were produced by Li et al. [10] utilizing EAF slag as a 

silica and alumina source. In addition, they methodically examined the impact of 

hydrothermal temperature, treatment duration, n(H2O)/n(Na2O), n(SiO2)/n(Al2O3) molar 

ratios, on the crystal phase and microstructure of the produced zeolite. Highly crystalline and 

cubical-shaped LTA with n(H2O)/n(Na2O) of 100:1 and n(SiO2)/n(Al2O3) of 2:1 ratios were 

found at an operating temperature of 40°C and reaction time of 3 hours, respectively. The 

change from metastable zeolite A to high-framework-density hydroxy sodalite zeolite has 

been observed by reducing the n(H2O)/n(Na2O) ratio to 40:1 and increasing the hydrothermal 
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duration and temperature to 12 hours and 160°C, respectively. Both materials were evaluated 

for Cu2+ ion removal, and it was found that zeolite type-A manufactured at 120°C had much 

higher metal adsorption capacity (1.346 mmol/g) than sodalite (0.673 mmol/g) treated at 

160°C.  

1.4.2. Possible scope of work 

 It may be seen from the above literature that although lots of works have reported on the 

synthesis of various kinds of zeolites from steel industry processed slags and their 

environmental applications. It is envisaged that no research work has been focused on zeolite 

synthesis using Linz-Donawitz converter-generated slag or LD-slag as precursor material. So, 

keeping the main objective of the preparation of zeolite, this thesis focuses on the preparation 

of the zeolite via different techniques, their characterization, and their application towards 

environmental remediation. Zeolite synthesis from various steel slag has been summarized in 

Table 1.2.  

Table 1.2: Zeolite synthesis using different steel slags and process description. 

Slag 

type 

NaOH 

(M) 

Crystallization  

condition 

Zeolite  

produced 
Remarks References 

  T (°C) t (h)    

EAFS - 
Desired 

temperature 

Several 

hours 

Zeolite A and 

hydroxysodalite 

(HSOD) 

A 

hydrothermal 

synthesis 

technique was 

used, Na2SiO3 

and NaAlO2 

were separated 

and used as 

precursors. 

[10] 

BFS 

Varied 

from 0.5 

to 5 

Desired 

temperature 

Several 

hours 

Mixture of 

zeolite P1, 

FAU, and 

hydroxyapatite 

A 

hydrothermal 

synthesis 

technique was 

employed, 

Higher NaOH 

concentration 

[38] 
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reduce the 

crystallization 

of the zeolite 

P1 

BFS 2 

Varied 

from 50 to 

150°C 

4 

Hydroxyapatite 

and FAU-type 

zeolite 

Hydrothermal 

technique, 

hydroxyapatite 

appeared at 

150°C, 

whereas FAU-

type was 

formed at 90 

and 120°C 

[39] 

BFS 4 100°C 6 
Zeolite A and 

X 

Hydrothermal 

treatment 

technique, 

Residual silica 

of BFS was 

used as zeolite 

precursor 

[33] 

BFS  100 5 Zeolite-type A 

Hydrothermal 

method, 

H2O/NaOH 

molar ratio 

results in a 

larger crystal 

size 

[34] 

BFS - 120 2-4 Zeolite P 

Octahedron 

shape was 

found, and 

zeolite was 

synthesized 

during the 

CO2 

mineralization 

process 

[35] 

BFS 0.375 100 6 
HSOD, Zeolite 

A, and X 

0-0.5 M of 

EDTA as an 

aging agent 

[36] 

BFS 0.1 100 8 
FAU-type and 

ZSM-5 

Hydrothermal 

process used 

for zeolite 

synthesis 

[37] 
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1.5. Zeolite-based polymeric membrane for wastewater treatment          

 A zeolite-integrated membrane is a membrane with zeolite particles or zeolite-based 

compounds inserted into its structure. The addition of zeolites to a membrane can improve its 

performance and usefulness in a variety of applications. Depending on the individual design 

and required qualities, the zeolite particles can be scattered throughout the membrane matrix 

or coated onto the membrane surface. Zeolite membranes may be employed to separate 

carbon dioxide from methane in natural gas purification or to capture volatile organic 

compounds (VOCs) from air or industrial emissions. Nowadays, water purification and 

desalination applications have been examined using zeolite-incorporated membranes. Heavy 

metals, organic pollutants, and microbes can be adsorbed and removed from water streams by 

zeolite particles. Researchers, in recent times, focused on the fabrication of zeolite-membrane 

composites and their utilization for water decontamination and gas separation processes. 

Several studies related to zeolite-based composite membrane synthesis and their uses are 

provided in the literature survey section.  

1.5.1. Literature survey 

In a mixed matrix membrane (MMM) fabrication technology, Saranya and their research 

team [40] synthesized ZSM-5 embedded polyphenylsulfone (PPSU) membrane via the phase 

inversion process and employed it for lignin extraction. In this investigation, PPSU was 

combined with functionalized zeolites like Cu-ZSM-5 (Cu-Z) and Fe-ZSM-5 (Fe-Z) in the 

presence of N-methyl pyrrolidone (NMP) solvent. For a PPSU membrane with 0.5 wt.% of 

zeolite nanoparticles inserted, an increased pure water flow of 62 L/m2h and the maximum 

lignin retention of 85.2% were recorded. The zeolite's 3D porous structure encouraged the 

augmentation of flux during the separation of water and lignin. But adding functionalized 

zeolite nanoparticles had a significant impact on the rise in the maximum lignin rejection to 
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88.5%. Based on their ability to reject organic components, synthetic MMMs have been 

assessed for their effectiveness and anti-fouling capacity. Zeolite and Cu-zeolite-included 

MMMs showed more preferred permeability and significant lignin rejection at the same time. 

In another experiment, Rodríguez et al. [41] fabricated polysulfone (PSf)/zeolite LTA MMM 

by dip coating followed by a phase inversion technique. For the purpose of creating MMMs, 

the organic free LTA zeolite was added as fillers at loadings of 10 and 20 weight percent to 

the polysulfone polymer matrix. The N2 adsorption study was conducted over the as-

synthesized membrane matrixes. The findings stated that increases in filler amount in the 

membrane network enhance the N2 permeability. According to various scientific articles, a 

specific quantity of filler in the polymer matrix at least reduces membrane surface roughness 

and this effect is dependent on the filler's hydrophilic qualities [42]. Based on the statement, 

these findings reveal that the incorporation of functionalized zeolite LTA has exhibited a 

greater effect on the formation membrane surface and its structure. Yurekli [43] has prepared 

a zeolite/PSf composite membrane matrix via a nonsolvent-induced phase separation 

technique to reject lead (Pb2+) and nickel (Ni2+) from synthetic aqueous solution with an 

adsorption capacity of 682 and 122 mg/g, respectively. Hydrothermally synthesized zeolite X 

accompanied by membrane enhances the water permeability and adsorption capacity at the 

end of 60 minutes filtration process.      

From the literature, it is concluded that lab-grade silica and alumina-derived zeolite were 

used to prepare different composite membranes. But, zeolite synthesis using silica-alumina 

enriched solid waste and their application to the fabrication of polymeric composite 

membrane matrix is very scarce. However, several scientific reports are available on waste-

based zeolite production and their particular uses in mixed matrix membrane preparation for 

wastewater treatment. Some examples are given below in the literature survey. 
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1.6. Waste-derived Zeolites and their composite polymeric 

membrane for wastewater treatment          

1.6.1. Literature survey 

In order to remove lead (Pb2+) from synthetic wastewater, Zhu et al. [44] created a 

homogeneous and narrow-sized Al2O3-NaA zeolite composite membrane from solid waste 

coal fly ash with a 99.9% removal efficiency at 0.1 MPa transmembrane pressure (TMP). In 

this common experiment, hydrothermally produced zeolite type-A was combined with an 

Al2O3 hollow fiber substrate to create a composite hollow fiber membrane that maintained a 

Si/Al ratio of 1.07. Li and others [45] fabricated two-dimensional (2D) zeolitic imidazolate 

frameworks (ZIFs) imprinted polyvinylidene fluoride (PVDF) ultrafiltration membrane for 

organic dye removal from wastewater under a low-pressure TMP of 1bar. The prepared 

membrane showed high organic dye removal efficiency (98%) along with a significant 

permeability flux of 290 L/m2h. The desalinization rate was found to be in the range of 50-

70% over the synthetic membranes with high anti-fouling properties. Habiba et al. [46] 

created a unique advanced chitosan/polyvinyl alcohol (PVA)/zeolite nanofibrous composite 

membrane using an electrospinning technique. In this experiment, chitosan was combined 

with hydrolyzed NaOH before being mixed with 1% zeolite in the presence of various 

aqueous PVA concentrations. When stored in distilled water, acidic and basic media for 20 

days, the resulting composite membrane film had a considerable influence on mechanical 

and chemical stability. Over the constructed composite membrane, metal ions such as Ni2+, 

Fe3+, and Cr6+ were removed. The Cr6+, Fe3+, and Ni2+ adsorption capacities were 0.17, 0.11, 

and 0.03 mmol/g, respectively. Figure 1.3 depicts the schematic representation of wastewater 

treatment over zeolite-based polymeric MMMs. 
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Figure 1.3: Zeolite-embedded mixed matrix membrane for wastewater treatment. 

 

1.6.2. Possible scope of work 

From the aforementioned literatures, it is envisaged that several studies have demonstrated 

zeolite-contained polymeric mixed matrix membrane fabrication and their utilization for 

different environmental remediation purposes. Some literature emphasized on zeolite-MMMs 

preparation, where solid waste fly ash was considered as a zeolite precursor instead of 

consuming lab-grade silica and alumina source. The utilization of silica and alumina-

contained waste for zeolite synthesis reduces chemical consumption and enhances economic 

and environmental sustainability. It is also seen that zeolite synthesis from the steel industry 

processed slag and their uses for polymeric MMM synthesis are very scant. Moreover, slag-

derived zeolite and its nanolayered polymeric membrane fabrication for wastewater treatment 

have not been done yet. Therefore, in this section of the thesis, zeolite was synthesized from 

LD-slag, and the prepared zeolite was layered on the PSf membrane by spray coating 

technique. This work focused on the synthesis and characterization of zeolite-coated 

membranes. The heavy metals removal study was conducted by the zeolite nanolayered 

membrane to examine the membrane efficiency. The increasing water flux was observed after 

the addition of hydrophilic zeolite on the membrane substrate.   
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1.7. CO2 fixation with steel industry processed slag for the 

production of cementitious material and lowering CO2 emission  

The process of trapping and transforming carbon dioxide (CO2) emissions into stable and 

ecologically safe forms inside the steel slag material is referred to as "CO2 fixation in steel 

slag." Numerous minerals, including calcium, magnesium, and iron, can combine with CO2 to 

generate stable carbonates in steel slag. Steel slag is subjected to CO2, which interacts with 

calcium and magnesium ions to produce calcium and magnesium carbonates. This reaction 

efficiently stops CO2 emissions by permanently locking CO2 inside the slag's crystalline 

structure. Few scientific reports on CO2 fixation with steel slag are discussed in the literature 

survey. 

1.7.1. Literature survey 

Rui et al. [47] prepared cementitious-like material by fixing CO2 gas in steel-making slag. 

The calcium-containing ore phase is converted into calcium carbonate when the steel slag 

powder is cured by CO2 from the cement kiln flue gas. The nucleating action of calcium 

carbonate encourages the early hydration process and raises the ionic concentration and pH of 

the liquid phase. Additionally, when employing bacteria and steel slag for CO2 sequestration, 

the remaining bacteria can have a favourable impact. The low-carbon supplementary 

cementitious material created by the synergistic CO2 fixation of bacteria and steel slag 

powder has been discovered to have larger application potential in cement-based products, 

according to long-term performance monitoring. The results achieved from the findings 

revealed that cement-based slag possesses higher mechanical and physical characteristics as 

compared to untreated slag. In another study, Cheng et al. [48] produced CaCO3 using CaO 

enrich steel slag (SS) by CO2 sequestration. The two-step leaching (TSL) technique was 

found to be the potential for SS and CO2 reduction. This approach used two NH4Cl solutions 
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in series for two leaching operations on SS, significantly increasing the Ca leaching rate. 

When compared to the traditional one-step leaching (CSL) approach, TSL may enhance 

the activated Ca2+ leaching rate by 26.9% and achieve 223.15 kg CO2 capture/ton SS. 

According to the findings, TSL is capable of performing up to 8 cycles of CO2 sequestration 

and this proposed strategy has been found potential while reducing CO2 emission and 

recycling of steel slag. Mineral carbonation with titanium-bearing blast furnace slag (TBFS) 

may provide a sustainable approach to the reduction of CO2 emissions while also maximizing 

solid waste reuse, according to He et al. [49].  Using TBFS and copperas as feedstocks, this 

study presented a new method combining CO2 mineral sequestration with rutile beneficiation. 

TBFS and copperas were roasted at 550-750°C to convert calcium and magnesium into 

matching sulfates, while titanium in the TBFS was beneficiated to rutile. The roasted slag 

was then carbonated before recovering rutile and hematite using flotation and magnetic 

separation, respectively. The impacts of process factors were thoroughly investigated. The 

addition of Na2SO4 considerably improved Ti conversion efficiency (from 53% to 98%). The 

process indicated that the addition of Na2SO4 increased the development of molten 

Na3Fe(SO4)3, resulting in significantly quicker and more efficient gas-liquid-solid transitions. 

According to the carbonation findings of sulfated TBFS, the ideal CO2 storage capacity can 

reach 187 kg/ton TBFS. Two solid wastes were used in this method for CO2 mineralization, 

realizing the combined benefits of CO2 emission reduction, solid waste disposal, and valuable 

by-product recovery. 

1.7.2. Possible scope of work 

From the above literature survey, it may be found that several authors have reported CO2 

fixation by sequestrating it to the SS which results in the formation of carbonate of calcium 

and magnesium that is considered as a cementitious material. But, CO2 sequestration with 
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LD-slag and the formation of precipitated calcium carbonate (PCC) have not been explored 

yet. So, keeping the main objective of lowering the CO2 emission and reduction of solid 

waste LD-slag, this part of the thesis focused on CO2 sequestration and preparation of 

cementitious PCC. The addition as well as effects of commercial sugar on the yield of PCC 

formation was examined and the entire reaction mechanism was developed thereon. The 

prepared PCC was characterized by different characterization techniques to examine the 

phase identification, purity, and physical properties.   

1.8. Objectives of thesis work  

Based on the above state of the art, the present PhD thesis incorporates the following main 

objectives 

 Preparation and characterization of zeolite from waste Linz-Donawitz (LD) process 

slag of steel industry for removal of Fe3+ from drinking water 

 Physico-chemical and adsorption study of hydrothermally treated zeolite A and FAU-

type zeolite X prepared from LD (Linz–Donawitz) slag of the steel industry 

 Fabrication of LD-slag derived Zeolite Y coated Polysulfone (PSf) membrane for 

decontamination of groundwater 

 Synthesis of precipitated calcium carbonate from LD-slag using CO2 

1.9. Organization of the thesis 

Chapter 1 addresses the background of steel slag, the types of slag and their chemical 

characteristics, and the importance of slag. The utilization technique of slags in making 

value-added products was also elucidated comprehensively which can provide a sustainable 

way to reduce the waste slag. The objectives of the present work are also highlighted in this 

chapter. Chapter 2 illustrates a comprehensive discussion on the preparation and 
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characterization of zeolite-like adsorbent using LD-slag as a precursor material for Fe3+ 

removal from drinking water. Chapter 3 presents the adsorption study of LD-slag-derived 

FAU-type zeolite X and zeolite A. Apart from these results, the thermal and physico-

chemical stability of as-synthesized zeolite minerals were investigated at three different pH 

conditions and treatment times. Chapter 4 provides a comprehensive idea of zeolite Y 

synthesis via ultrasonic irradiation followed by fusion-assisted hydrothermal treatment and 

their uses to fabricate nanolayered-based PSf membranes. The application of zeolite-coated 

membrane for the decontamination of groundwater was also studied and explained in this 

chapter. Chapter 5 discusses the preparation and characterization of precipitated calcium 

carbonate by CO2 sequestration in LD-slag using commercial sugar as a promoter. This 

chapter also provides an in-depth conclusion on the role of sugar in the formation of a variety 

of polymorphs of PCC samples. Chapter 6 summarized the inferences drawn from this work 

and provided some suggestions for future research.   
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Chapter 2 

Preparation and Characterization of Zeolite from Waste 

Linz-Donawitz (LD) process slag of Steel Industry for 

Removal of Fe3+ from Drinking Water 

 

Content of this chapter is published as below: 

N.S. Samanta, S. Banerjee, P. Mondal, Anweshan, U. Bora, M.K. Purkait, Preparation and characterization of 

zeolite from waste Linz-Donawitz (LD) process slag of steel industry for removal of Fe3+ from drinking water, 

Adv. Powder Technol. 32 (2021) 3372–3387. https://doi.org/10.1016/j.apt.2021.07.023.  

In this chapter cubical-shaped zeolite A was synthesized from the Linz-Donawitz (LD) 

process slag of the steel industry, via fusion-facilitated hydrothermal treatment. 

Morphological and Physico-chemical characterizations were examined by various 

characterization techniques. The stability analysis of the as-synthesized zeolite A sample was 

assessed by field emission scanning electron microscope (FESEM) and X-ray diffraction 

(XRD) analysis. The specific surface area of the zeolite A sample was determined by 

Brunauer-Emmett-Teller (BET) analysis. Thermal stability measurement of the obtained 

zeolite was examined by Thermogravimetric analysis (TGA). Synthetic zeolite was employed 

for iron (Fe3+) removal from synthetic as well as drinking water. Fe3+ adsorption studies 

were performed at 273, 298, 303, and 308K, respectively, within the range of 10-40 mg/L 

Fe3+ ion concentration for kinetic and isotherm studies.   

2.   Experimental methods 

2.1. Materials  

TATA Steel, Jamshedpur, India, supplied raw LD-slag which is a waste material from the 

process units. The XRF data of that sample are given in Table 2.1. Various oxides of metal 

ions are present in it, such as Ca, Fe, Mg, Mn, and our target material Si and Al. Hydrochloric 

acid (HCl), used for acid treatment, nonahydrate of sodium silicate (Na2O3Si·9H2O), and 

sodium aluminate (Na2O3Al2·9H2O), used for maintaining the Si/Al ratio, sodium hydroxide 
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(NaOH) as pellets and anhydrous ferric chloride (FeCl3), used for the adsorption experiment, 

were all procured from Merck (Darmstadt, Germany). 

Table 2.1: Elemental composition of LD-slag (Data provided by TATA steel industries 

ltd.). 

 

Components Weight (%) 

CaO 41.92 

SiO2 12.69 

Al2O3 1.71 

MgO 2.33 

 Fe2O3  36.72 

P2O5 2.27 

Others 2.36 

 

2.2. Zeolite A synthesis from LD-slag 

Alkali fusion and subsequent hydrothermal treatment were performed on LD-slag to 

synthesize Zeolite A. The raw slag was rinsed with distilled water to eliminate any soluble 

impurities. It was then kept inside a muffle furnace operated at 800°C for 2 hours to expunge 

the unwanted volatile matter present in the sample. Furthermore, hydrochloric acid (10%, 

w/v) at 50-60°C was applied to LD-slag to improve its capacity for zeolite framework 

formation [1]. After cooling down, the sample was taken out to prepare a homogenous fusion 

mixture of treated LD-slag and NaOH in the ratio of 1:1.2 (w/w), respectively, by proper 

grinding. The mixture was kept at 550°C for 2 hours in a muffle furnace for the fusion to 

occur. Distilled water was added in a 1:10 ratio to the fused mass after cooling it to ambient 

temperature. The slag solution was mixed with sodium silicate. Sodium aluminate was then 

added simultaneously to the resulting slurry to obtain the desired Si/Al ratio. The slurry was 

stirred continuously during the mixing using a magnetic stirrer. After 24 hours, the slurry 

sample was allowed to crystallize by hydrothermal treatment at 90°C for 8 hours in an 

autoclave reactor. The resultant sample was filtered, rinsed thoroughly with distilled water, 
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and kept for drying at 100°C for 6 hours in a hot air oven to recover crystallized zeolite A.  

Figure 2.1 shows the flow chart of fusion-assisted hydrothermal treatment for zeolite A.    

 

 

Figure 2.1: Process flow chart of Zeolite synthesis from LD-slag via fusion-assisted 

hydrothermal treatment. 
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2.3 Characterization techniques 

 
The determination of characteristic attributes of both LD-slag and Zeolite A was 

accomplished using well-established techniques. The pore size and specific surface area 

analysis were performed using the BET apparatus Autosorb iQ (Quantachrome 

Instruments, USA). The surface morphology study was carried out using an EDX-

equipped FESEM Sigma 300 (ZEISS, Germany). The crystal structure was studied using 

a transmission electron microscope JEM-2100F (JEOL, Japan) and x-ray diffraction 

patterns were obtained using XRD D8 Advance Model (Bruker, USA) equipped with 

monochromatic Cu Kα radiation having λ = 0.154 nm. The 2θ value was scanned from 

10° to 80° with a step time of 0.5 s. FTIR analysis on both LD-slag and synthetic zeolite 

was performed using the IRAffinity-1 (Shimadzu, Japan). Wavenumbers from 400-4000 

cm-1 were scanned with a 10 cm/s scanning rate. 

The glass transition temperature (Tg) of the obtained zeolite sample was determined via 

Differential Scanning Calorimetry (DSC 1, Mettler Toledo, Switzerland). The scanning 

temperature was from 25°C to 450°C at a heating rate of 5°C/minute purgings with 

nitrogen gas. The thermogravimetric analysis of the prepared zeolite sample was 

performed by TGA instrument (TG209 F1, NETZSCH, Germany), type of crucible: 

DSC/TGA pan Al2O3. Argon was used as both protective and purge gas at the flow rate of 

20 mL/minute and 60 mL/minute, respectively. The temperature program was set from 

25 to 1000°C at an increment of 10°C/minute. 

The isoelectric point of the synthesized zeolite was determined using the Dynamic Light 

Scattering (DLS) instrument (Litesizer 500, Anton Paar, Austria). 

Analyzing the concentration of Fe3+ ion was performed using Atomic Absorption 

Spectrophotometer (AAS) (Model No.: Spectra AA 220 FS; Make: M/s Varian, Netherland). 
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2.4. Adsorption experiments 

Fe3+ adsorption onto the synthesized zeolite A adsorbent was performed in a batch system (50 

mL of Fe3+ solution in 250 mL conical flask, agitated in a fixed temperature mechanical 

shaker at 200 rpm). The adsorption kinetics was performed with several different 

experimental conditions to check the influence of those experimental parameters such as 

temperature (293, 298, 303, and 308K), adsorption dosage (from 0.01 to 0.07 g), contact 

time, and initial Fe3+ concentration (from 10 to 40 mg/L). Solution pH was fixed to a point 

above the isoelectric point of zeolite A throughout the experiment to maximize the adsorption 

capacity [2]. Concentration was measured using atomic absorption spectroscopy. Fe3+ 

adsorption uptake at the equilibrium, Qe (in mg/g), was calculated by using equation (2.1) [3]. 

𝑄𝑒 =  
(𝐶0−𝐶𝑒)𝑉

𝑊
                    (2.1) 

Fe3+ adsorption uptake Qt, at time t, was calculated by using equation (2.2) [2] 

𝑄t =  
(𝐶0−𝐶(𝑡))𝑉

𝑊
                    (2.2) 

Where C0, Ce, and C(t) are Fe3+ concentrations at an initial time, equilibrium phase, and at 

any contact time t respectively, in mg/L. V is the volume of the mother solution in L, and W 

(g) is the mass of the adsorbent zeolite A 

Removal efficiency (%) of Fe3+ on the adsorbent was calculated from equation (2.3) 

Removal efficiency (%) =  
(𝐶0−𝐶𝑡)𝑉 

𝐶0
× 100                 (2.3) 

2.5. Real-life water sample analysis 

Drinking water obtained from the IIT Guwahati Campus, India was spiked with Fe3+ ion and 

three different concentration of 2.5 mg/L, 5 mg/L, and 10 mg/L was attained. The optimized 

zeolite A dosage was then utilized for treating the real-life sample waters and the 

concentration of Fe3+ ion was analyzed using the AAS instrument. 
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2.6. Results and Discussion 

2.6.1. Zeolitization 

Generally, three necessary steps of geochemical reactions were involved in the process of 

zeolitization of LD-slag. Firstly, the LD-slag went through an alkali fusion treatment (i.e., 

LD-slag to NaOH ratio of 1 to 1.2 with a very high temperature). This alkali fusion helped to 

extract the Si4+ and Al3+ ions from SiO2 and Al2O3, respectively present in the LD-slag. The 

amount of Si4+ ions was more as compared to Al3+ because the LD-slag has a high Si/Al ratio. 

This helped to maintain the required Si/Al ratio for zeolite A. The lower Si/Al ratio also 

ensures suitable crystallinity of the zeolite. Moreover, a low Si/Al ratio provides a 

hydrophilic zeolite surface and enhances the interaction between adsorbate and polar 

molecules (water in the present study) which leads to the higher adsorption capacity of the 

material. On the contrary, zeolite with a high Si/Al ratio causes the surface to be hydrophobic 

which diminishes the molecular interaction and may lead to less adsorption capacity of the 

synthesized material [4]. However, the sodium hydroxide was used as an activator of the Si4+ 

and Al3+ ions and helped to maintain the required Na amount in the starting material. These 

active Si4+ ions formed a tetrahedral unit of silicate (SiO4), which again react with NaOH to 

form sodium silicate. Also, the Al3+ reacted with sodium hydroxide to produce sodium 

aluminate. The probable reactions involved with LD-slag are shown in equations (2.4), (2.5), 

and (2.6). 

𝑁𝑎𝑂𝐻 →  𝑁𝑎+ + 𝑂𝐻−                  (2.4) 

𝑁𝑎+ +  𝑆𝑖𝑂4 → 𝑁𝑎2,𝑆𝑖𝑂3                  (2.5) 

𝑁𝑎𝑂𝐻 + 𝐴𝑙3+ +  𝐻2𝑂 → 𝑁𝑎𝐴𝑙(𝑂𝐻)4                (2.6) 

In the next step, the above NaOH fused LD-slag was mixed with sodium silicate and sodium 

aluminate (20 to 30 wt.% of LD-slag, to balance the Si/Al ratio), which helped to initiate the 
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zeolitization process by copolymerization of the resultant mass. The probable reaction 

mechanism is given in reaction no (2.7). 

𝑁𝑎𝐴𝑙(𝑂𝐻)4 +  𝑁𝑎2𝑆𝑖𝑂3 + 𝑁𝑎𝑂𝐻 → [𝑁𝐴𝑝(𝐴𝑙𝑂2)𝑞(𝑆𝑖𝑂2)𝑟𝑁𝑎𝑂𝐻. 𝐻2𝑂](𝑔𝑒𝑙)            (2.7) 

 

The last step is the hydrothermal treatment of the polymeric gel produced in the reaction (2.8) 

for crystallization of the zeolite A. The chemical formula of zeolite A has been taken from 

the literature [5]. The crystallization process is given in reaction (2.8). 

[𝑁𝐴𝑝(𝐴𝑙𝑂2)𝑞(𝑆𝑖𝑂2)𝑟𝑁𝑎𝑂𝐻. 𝐻2𝑂](𝑔𝑒𝑙) → 𝑁𝑎2𝑂. 𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 4 − 5𝐻2𝑂(𝑧𝑒𝑜𝑙𝑖𝑡𝑒 𝐴) (2.8) 

 

Simultaneously, calcium oxide (CaO) reacts with the water molecule present in the sample 

and produces calcium hydroxide Ca(OH)2, which again decomposed into Ca2+ and OH-. 

These Ca2+ get attached to some of the silicate ions to produce complex salt of calcium [6]. 

2.6.2. Characterization 

2.6.2.1. XRD analysis 

The XRD pattern of the LD-slag in Figure 2.2 has a lot of overlapping, which describes that a 

bulk amount of minerals can be present in the sample. The phases were characterized as 

major and minor phases based on the intensity of the peaks. High-intensity peaks were 

observed at 18.09°, 29.62°, and 34.03°, which mainly represent the presence of major phases 

of different oxides of calcium. Several other peaks represent the presence of minor phases of 

oxide forms of silica and alumina [7]. The peaks present in the XRD pattern of zeolite A refer 

that a highly crystalline phase was present in the synthesized product. Diffraction peaks at a 

2θ angle of 7.18°, 10.16°, 12.58°, 16.1°, 20.4°, 21.66°, 23.98°, 26.1°, 27.09°, 29.94°, 32.54°, 

34.18°, 39.49°, 44.18°, 45.3°, 47.29°, 52.58°, and 54.23°, matched with commercial zeolite 

4A [8], International Zeolite Association (IZA) data [9], and also with fly ash based zeolite A 

[10]. It also demonstrated that the zeolite was enriched with Na, which helped to provide the 

crystalline structure of zeolite A. Crystalline planes of zeolite A are tabulated in Table 2.2, 
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exactly matched with zeolite A synthesized by Tepamat et al. [11]. The crystalline particle 

with lattice fringe can be assigned to (1 0 0) the face of the cubic structure of zeolite A 

(Figure 2.2, inset) [1]. 

 

 

 

 

Figure 2.2: XRD analysis of (a) LD-slag (b) synthesized zeolite A. 

 

 

Table 2.2: Crystalline plane of zeolite A from XRD analysis. 

2θ Crystal plane 2θ Crystal plane 2θ Crystal plane 

7.2 (1 0 0) 23.98 (3 1 1) 39.49 (4 3 2) 

10.16 (1 1 0) 26.1 (3 2 0) 44.18 (4 4 2) 

12.58 (1 1 1) 27.09 (3 2 1) 45.3 (6 2 2) 

16.1 (2 1 0) 29.94 (4 1 0) 47.29 (6 2 1) 

20.4 (2 2 0) 32.54 (4 2 0) 52.58 (5 5 0) 

21.66 (3 0 0) 34.18 (3 3 2) 54.23 (7 2 0) 

 

 

TH-3301_186152003



Chapter 2 
 

39 

 

2.6.2.2. FTIR analysis 

FTIR of synthesized zeolite A was performed using infrared radiation in the wavelength 

range of 4000 to 400 cm-1 to detect the functional group present in the zeolite A. FTIR 

spectrum (Figure 2.3) shows a band at 1660 cm-1 is attributed to the flexion vibration of the 

OH group presence in adsorbed water molecules. The asymmetric and symmetric stretching 

vibrations incorporated with tetrahedral units of SiO4 and AlO4 were reported at around 710, 

and 1030 cm-1, respectively. The absorption band at about 450 cm-1 was attributed to Si-O, 

and Al-O bonds present in the zeolite A framework. The peaks that appeared at 553 and 668 

cm-1 were assigned for the zeolite A double four-ring framework (D4R). The presence of 

hydrous metal oxides and hydroxides was represented by the bending vibrational peak at 

1430 cm-1 [12]. The spectrum also demonstrated that the stretching vibration of -OH groups 

present in zeolite A was confirmed in the range of 3300-3700 cm-1 [13]. 

 

 

 

Figure 2.3: FTIR spectrum of zeolite A. 
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2.6.2.3. FESEM analysis 

The structural morphology of the synthesized product was analyzed by FESEM and FETEM. 

FESEM images of the prepared sample and spent sample have been shown in Figure 2.4a, 

from which it was clear that the geometric structure of the obtained zeolite was cubical (inset 

Figure 2.4a). The crystalline cubical structure of the resultant sample can be identified as 

zeolite A [8]. Figure 2.5a depicts the surface texture of the spent sample after the adsorption 

study. It was revealed that the adsorbent shrank, and agglomeration occurred after the 

adsorption reaction. Somewhere brittle type sample was also found. The agglomerated form 

may be due to the presence of adsorbate particles on the zeolite surface. Figures 2.4b and 

2.5b illustrated the TEM images of the prepared and spent sample. Figure 2.4b revealed the 

same cubical shape structure and a well-organized zeolite framework. However, more 

agglomerated species were found in Figure 2.5b. The HRTEM analysis for both samples 

revealed that the synthesized and used sample formed a polycrystalline structure in nature, 

i.e., crystalline and amorphous structures co-existed in the samples. 
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Figure 2.4: (a) FESEM (b) TEM, and (c) EDX analysis of the prepared zeolite A. 

 

 

 
 

 

 

 
 

 

Figure 2.5: (a) FESEM (b) TEM, and (c) EDX analysis of zeolite A after iron removal 

study. 

(c) 

(a) (b) 

(c) 
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2.6.2.4. EDS analysis 

The elemental analysis of synthesized zeolite A before and after the adsorption study was 

examined through energy-dispersive X-ray spectroscopy (EDS) equipped with the scanning 

electron microscope (FESEM-EDS), shown in Figure 2.4c and 2.5c, respectively. Results 

obtained for elements like Al, Fe, Mg, Na, Ca, O, and Si showed that oxygen (O) was present 

in abundance amount in the product sample. Also, it was shown that the weight percentage of 

Si was more than Al, which maintains the Si/Al ratio near about 1.1. From the Si/Al ratio, it 

was identified as type A zeolite [8]. Also, the Si/Al ratio of the sample after adsorption was 

found to be fixed, but the amount of Fe (wt.%) increased as shown in Figure 2.5c, which 

suggested that Fe3+ was adsorbed on the adsorbent surface. 

2.6.2.5. BET analysis 

The nitrogen adsorption and desorption isotherm for synthesized type A zeolite with surface 

area and pore size analysis results were reported in Figure 2.6a. A comparison study for BET 

surface area, micropore surface area, and pore volume of zeolite A has been tabulated in 

Table 2.3. By investigating more closely Figure 2.6a then, it showed us a hysteresis loop. It is 

undeniable that adsorption-desorption isotherm, followed by zeolite A is almost similar to the 

IUPAC Type II isotherm curve, from which we can recognize it as a mesoporous sample [8]. 

The pore size distribution calculated with Barrett-Joyner-Halenda's (BJH) equation is shown 

in Figure 2.6a, inset. It was observed that the pore size for prepared zeolite was between 2-5 

nm. So, the result confirmed mesoporous type zeolite was formed after the hydrothermal 

process. 

In this present study, the BET-surface area of LD-slag-based zeolite A exhibits a substantially 

high value because, during zeolite preparation, a high amount of Sodium aluminate (20-30 

wt.% of LD-slag) was added with the modified LD-slag to maintain the Si/Al ratio in the 
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zeolite structure. It is also suggested that the addition of aluminium atoms offers nucleation 

sites that favour the formation of zeolite structure and pore formation in the zeolite network 

[14]. The BET-surface area of prepared zeolite A was measured to be 15.1025 m2/g. 

2.6.2.6. TGA analysis 

Many authors have performed experiments with raw LD-slag and reported a weight loss of 

about 5 to 6% due to moisture evaporation from the external surface [6]. The TGA-DTA 

curve of LD-slag-based zeolite A is presented in Figure 2.6b. The thermographs revealed that 

moisture loss from LD-slag-based zeolite A was started between 35 and 50°C, and continued 

up to shortly above 900°C. In the three-stage TGA curve, the first was caused by the 

evolution of bound water (130-266°C) and the second by strongly bound water (266-500°C). 

The percentage weight loss of moisture was observed at 17.80% from the component. The 

thermograph of cubical-type zeolite A indicated the desorption of physically adsorbed water 

inside the zeolite pores in the temperature range of 35-945°C [15]. 

The DTA curve (at inset) of zeolite shows one prominent endothermic signal and one strong 

exothermic peak between (150 and 370°C). 

2.6.2.7. Isoelectric point (zeta potential) 

The isoelectric point or zero point is known as the pH of the sample at which the surface 

charge of a sample becomes zero, i.e., molecules of the sample carry no charge on its surface, 

or we can say electrically neutral at that pH. For this experiment, six different pH samples 

were prepared with zeolite A and distilled water by adjusting them with 0.1M HCl and NaOH 

solution. We measure the zeta potential of those samples and plot the result, shown in Figure 

2.6c, to get the isoelectric point of the zeolite A. From the plot, one can easily understand the 

isoelectric point of the sample is 6.3, i.e., below 6.3 pH; it will carry a positive charge while 

above 6.3 pH will result in carrying a negative charge. 
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Figure 2.6: (a) N2 adsorption/desorption isotherm of synthesized zeolite A (b) BJH pore 

size distribution of zeolite, prepared by alkali fusion assisted hydrothermal treatment 

(c) Isoelectric point of zeolite A. 

2.7. Stability analysis of synthetic zeolite A 

Generally, industrial wastewater contains a variety of chemicals depending on the types of 

industries, which results in wastewater with a wide range of pH. To analyze the stability of 

the synthesized zeolite A in different pH conditions, an experiment was performed by 

keeping the zeolite sample in a variety of pH for varying periods. In each pH of 2 (highly 

acidic), 7 (moderate), and 12 (highly basic) zeolite samples were kept for 1 day, 2 days, and 3 

days to check the stability. Characterization of these samples was done by XRD, FTIR, and 

FESEM analysis. 

(c) 

(b) 
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Table 2.3: Textural analysis of zeolite A with other synthesized zeolite.  

Sample BET 

surface area 

(m2 g-1) 

Micropore 

surface area  

(m2 g-1) 

Micropore 

volume (cm3 g-1) 

Reference  

Commercial zeolite 

4A 

7.3738 0.6201 0.000227  [16] 

Zeolite A 3 0.5 0.001  [17] 

Zeolite A 13.37 3.37 0.0011  [11] 

Zeolite A 11.9 - - [18] 

Synthesized zeolite 

A 

15.1025 0.1748 0.000038 Present 

work 

 

2.7.1. Powder XRD 

The XRD patterns of the resultant zeolite A samples were represented in Figure 2.7 (a, b, and 

c). Zeolite, kept in a highly acidic nature, showed a small reduction in the intensity of peaks 

on the first day, but on the second day and third days, there was some major reduction of 

peak intensities of zeolite A and also (1 0 0), and (1 1 0) planes (responsible for zeolite 

framework) intensity reduced, i.e., some crystal morphology is changing at this point Figure 

2.7g. All samples were subjected to XRD analysis in the range of 4-10°. According to the 

XRD pattern displayed in Figure 2.8, the distinct peak was reached at 7.18°. The (1 0 0) 

crystalline plane, which refers to the cubical topology of the material, is shown by the first 

peak in the XRD pattern of zeolite A at 7.18° [1]. The same geometry was observed in the 

FESEM analysis, as shown in Figure 2.4a. The breakdown of the tetrahedral unit in the 

zeolite cage might be because of dealumination, which occurs due to its exposure to the 
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highly acidic medium for over 3 days of treatment. The dealumination procedure was carried 

out in an acidic solution, resulting in the formation of novel groups such as Si-OH and Al-

OH, which would increase with treatment time, potentially lowering the crystallinity of the 

zeolite framework. At low pH, a similar pattern can be seen, as illustrated in Figure 2.8b. The 

figure shows that the equivalent peak at 7.18° has disappeared, implying that the material 

changes to an amorphous character after 3 days of treatment. However, samples kept at pH 7 

showed a negligible reduction of peak intensities of zeolite A with the variation of time, i.e., 

there might be a small change in the crystalline phase. For pH 12, the intensity of peaks 

remains almost the same as the originally synthesized zeolite A with almost no change in the 

crystalline plane. After verifying the peaks in Figure 2.7 (a, b, and c) with the initially 

prepared product, we conclude that zeolite A is stable for a long time in a higher pH range, 

but in a lower pH range is stable for a short period. 

2.7.2. FTIR spectroscopic analysis 

FTIR patterns of the synthesized zeolite A in different pH were shown in Figure 2.7d-f. A 

consecutive reduction in the absorption bands at around 460 cm-1 and 701 cm-1 is attributed to 

Si-O-Al, SiO4, and AlO4 respectively, and becomes negligible with time for a lower pH. This 

was because bonds at 450 cm-1 broke down completely after 1 day, and the metal hydroxide 

bond intensity decreased maybe because of the H+ ion present in acidic conditions reacting 

with the OHˉ ions and the oxygen released from the Si-O and Al-O group. It may be assumed 

that, with increasing pH, the metal hydroxide group is becoming sharp, because the OHˉ ions 

present in the base solution contribute to form bonds with metal ions of zeolite A. FTIR 

pattern in pH 12 and pH 7 shows a comparatively good result and almost every band were 

present in the sample. The stability analysis reported good results at higher pH, but it is not 

stable for a longer time in the lower pH range. 
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2.7.3. Surface analysis 

To check the structural and geometrical stability, synthesized zeolite A was kept at different 

pHs for 3 days. SEM images of those samples were presented in Figure 2.7g-i. It was 

observed that zeolite A shrank due to the breaking of the Si-O-Al bond when it was kept at an 

extremely acidic solution (pH 2) for 3 days of treatment time, as shown in Figure 2.7g. The 

possible reason may be that at the above-mentioned pH, the dealumination occurs in the 

zeolite framework and as a consequence, the formation of a silanol group (Si-OH) creates an 

internal pressure that allows water molecules to flow from β-cage to α-cage. Furthermore, 

Na+ ions in the zeolite cage attract OH- ions, which make up NaOH and migrate out with 

water molecules, resulting in the breakdown or shrinking of the tetrahedral unit of the zeolite 

framework [19]. Also, an uneven distribution of crystal size was noted in the product sample. 

Zeolite A kept at pH 7, showed no major changes in the crystal structure, which is also 

syncing with the XRD and FTIR results in Figure 2.7a-c and 2.7d-f, respectively. There were 

no significant changes in the structural properties in highly basic conditions, i.e., the 

geometrical structure was cubical only. This cubical-shaped zeolite is also known as double 4 

rings (D4R) structure zeolite. In acidic conditions, most of the metal hydroxides and metal 

oxides completely broke down and reacted with H+ ions present in the acidic condition. This 

might be the reason behind the fractures present in the crystal surface at lower pH. 
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Figure 2.7: XRD analysis of zeolite A at (a) pH 2 (b) pH 7 (c) pH 12. FTIR analysis of 

zeolite A at (d) pH 2 (e) pH 7 (f) pH 12. FESEM images of zeolite A at (g) pH 2 (h) pH 7 

(i) pH 12. 

 

(i) 

(h) 

(g) 

TH-3301_186152003



Chapter 2 
 

49 

 

 

 
 

 

 

  

 

Figure 2.8: (a) XRD pattern of synthesized zeolite A at 2θ range of 4-10°. (b)-(d) XRD 

pattern of synthesized zeolite A at 2θ range of 4-10° at pH 2, pH 7, and pH 12, 

respectively. 

 

2.8. Adsorption optimization 

The adsorption capacity of Fe3+ on raw LD-slag and synthesized LD-slag-based zeolite A 

was investigated to compare the adsorption rates, with varying times by keeping other 

parameters constant. From Figure 2.9a, it is undeniable that the rate of adsorption was very 

rapid for the first 40 to 50 minutes. Nevertheless, after that, the rate of adsorption slowed 

down gradually and eventually diminished as the adsorption reaches equilibrium at about 90 

to 100 minutes. Fe3+ adsorption uptake (Qt) increases with the increase in contact time for 
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both LD-slag and zeolite A. 99.99% adsorption of Fe3+ was achieved on zeolite A but, on 

LD-slag, the rate was a bit low. The initial rate of adsorption on both LD-slag and zeolite A 

was high because of the high concentration gradient of adsorbate and adsorbent in the test 

sample [20]. Also, maybe, initially, the active sites present on the adsorbent were high, which 

accelerated the adsorption rate. With time, these active sites were blocked by the Fe3+ 

molecules. For both LD-slag and zeolite A, it was perhaps difficult for the Fe3+ molecules to 

diffuse deeper on the adsorbent surface beyond the equilibrium point. As the active sites get 

filled by the Fe3+ molecules, surface resistance increases, which neglects the influence of 

contact time. 

The Fe3+ adsorption capacity of zeolite A was studied with various adsorbent doses of 0.01 g, 

0.02, 0.03, 0.04, 0.05, 0.06, and 0.07 g to find the optimum adsorbent dosage. Other 

operating parameters such as initial concentration, temperature, and contact time were kept 

constant. From Figure 2.9b it is very clear that percentage removal increases with an increase 

in adsorbent dosage, while Fe3+ adsorption uptake (Qe) get decreases rapidly. The 

experimental result showed an increase in adsorption capacity from 55.11 to 99.99% by 

increasing the adsorbent dosage from 0.01 to 0.05 g. At a higher dosage of adsorbent 

quantity, more active sites were present for the Fe3+ ion. The adsorption capacity was 

decreased from 27.55 to 7.14 mg/g when the adsorbent dosage increases from 0.01 to 0.07 g. 

The decay in Fe3+ adsorption rate with the increase in adsorbent dosage may be due to 

unsaturated active sites of adsorbent [21]. This adsorbent dosage optimization is crucial for 

economical operation. Our present study will carry forward an optimum adsorbent dosage of 

0.05 g for the feasibility of the process. 

The effect of temperature on zeolite A was examined at 293, 298, 303, and 308K. The 

adsorption operated for 2 hours (to reach equilibrium) with an adsorbent dose of 0.05 g and 

an initial concentration of 10 mg/L. The percentage removal improved from 94.25 to 99.95% 
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as the temperature increased from 293 to 308K, Figure 2.9c. This is maybe due to the 

increase in surface activity with an increase in temperature, suggesting an endothermic 

process of adsorption between Fe3+ and zeolite A. To make the process feasible, our further 

study will be operated at 303K. 

The effect of initial Fe3+ concentration on adsorption capacity in the adsorption experiment 

was investigated and shown in Figure 2.9d. Several different initial concentrations of Fe3+ 

ions were prepared in the range of 10 to 50 mg/L and were examined at 303K with 0.05 g of 

zeolite A for 12 hours to accommodate enough time to reach the equilibrium state. The effect 

of higher Fe3+ concentrations in the range of 45 to 50 mg/L on adsorption capacity was also 

studied, as demonstrated in Figure 2.9d. The higher Fe3+ adsorption capacity (Qe) was 

measured at 27.55 mg/g for a starting concentration of 40 mg/L, according to the figure. 

However, when the initial Fe3+ concentration was raised from 45 to 50 mg/L, the adsorption 

capacity did not rise and reached equilibrium, indicating that the iron adsorption capacity 

reaches the saturation point of 27.55 mg/g with an initial Fe3+ concentration of 40 mg/L and 

above. As the initial concentration increased from 10 to 45 mg/L, the rate of adsorption 

decreases rapidly. However, the net adsorption capacity was higher for 40 mg/L Fe3+ 

concentration. Mass transfer theory can explain this behavior. As the initial concentration 

increased, the concentration gradient also increased, which helped overcome diffusion 

resistance on the surface of zeolite A. Also, the interaction between the Fe3+ molecule and 

zeolite A increased with an increase in initial adsorbate concentration. The percentage 

removal of Fe3+ was 99.99% for the initial concentration of 10 mg/L, which reduced to 69.89 

to 54.89% for the initial concentration of 40 to 50 mg/L, respectively. The comparison study 

of Fe3+ ion removal using different types of zeolite is provided in Table 2.4, which shows that 

the prepared zeolite A from waste LD-slag was better than the previously reported works. 
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Figure 2.9: (a) Effect of contact time on iron removal (T=30˚C, adsorbent dosage=0.05g, 

initial concentration=10 mg/L) (b) Effect of adsorbent dosage on iron removal (T=30˚C, 

contact time=120 minutes, initial concentration=10 mg/L) (c) Effect of temperature on 

iron removal (adsorbent dosage=0.05g, initial concentration=10 mg/L, contact time=120 

minutes) (d) Effect of initial concentration of adsorbate on iron removal (adsorbent 
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dosage=0.05g, T=30˚C, contact time=120 minutes) (e) Effect of initial pH on iron 

removal (T=30˚C, adsorbent dosage=0.05g, initial concentration=10 mg/L). 

Table 2.4: Comparison study of iron removal using different types of zeolite. 

Zeolite 

material 
Type 

Adsorption 

capacity (mg g-1) 

Percentage removal 

(%) 
Reference 

Zeolite Y Synthetic 0.220 98.00 [22] 

Zeolite A Synthetic 12.13 99.98 [23] 

Zeolite A Synthetic 20.02 99.00 [24] 

Zeolite Synthetic 8.24 99.34 [6] 

Zeolite Commercial 6.49 74.00 [6] 

Zeolite A Synthetic 5.62 87.60 [25] 

Zeolite A Synthetic 10.02 99.90 [26] 

Zeolite A LD-slag 27.55 99.99 Present 

work 

 

2.8.1. Effect of pH on iron removal 

The effect of iron removal with a fixed amount of Fe3+ concentration (10 mg/L) and 

adsorbent dose (0.05 g) varying with pH has been illustrated in Figure 2.9e. It’s well known 

that for every adsorption process, the zero point charge (pHzpc) is considered an essential 

parameter. It was observed that the removal efficiency of Fe3+ ion increased with pH from 

acid to basic condition. However, the highest Fe3+ removal was found at pH 9. The reason 

could be when pH falls below pHzpc (6.45 in this study), the adsorbent site gets protonated, 

resulting in an excess positive charge on the adsorbent surface which leads to a repulsive 

tendency between adsorbate-adsorbent molecules [27]. On the contrary, the zeolite surface 
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carried an excess negative charge at pH level more than the pHzpc which develops a good 

adherence of positively charged Fe3+ ion towards the zeolite surface and shows a good 

removal efficiency of the synthesized zeolite. 

2.9. Adsorption model design 

2.9.1. Adsorption kinetics 

Adsorption kinetic study is critical to explain the controlling mechanism, which is a 

fundamental parameter for mass transfer of Fe3+, adsorption rate, and as well as equilibrium 

contact time for adsorption. Two models, pseudo-first-order and pseudo-second-order, were 

applied to investigate the kinetics of the Fe3+ adsorption process by zeolite A. The pseudo-

first-order model assumed that the change in Fe3+ adsorption rate is directly proportional to 

the deviation between the saturated concentration and the quantity of Fe3+ uptake with time. 

The pseudo-second-order was used to find out the nature of the adsorption process. Typically, 

the linear equation for both models can be expressed as equations (2.9) and (2.12), 

respectively 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝑘1𝑡)                   (2.9) 

Or, 

ln (𝑄𝑒 − 𝑄𝑡) =  ln 𝑄𝑒 − 𝐾1𝑡                (2.10) 

𝑄𝑡 =
𝑄𝑒

2𝐾2𝑡

(1+𝑄𝑒𝐾2𝑡)
                  (2.11) 

Or,  

𝑡

𝑄𝑡
=

1

𝐾2𝑄𝑒
2 +

𝑡

𝑄𝑒
                  (2.12) 

Where K1 (1/min) and K2 (g/mg min) are the reaction rate constant for pseudo-first-order and 

pseudo-second-order models, respectively. Qt (mg/g) and Qe (mg/g) are the Fe3+ adsorption 

capacity of zeolite A, at any time t (minute) and equilibrium state, respectively. The kinetic 
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parameters of the pseudo-first-order and pseudo-second-order model were calculated from 

the linear plot of ln(Qe-Qt) vs. t (Figure 2.10a) and (
𝑡

𝑄𝑡
) vs. t, respectively (Figure 2.10b), and 

listed in Table 2.5, from which, it was clear that, at different concentrations of Fe3+, the 

pseudo-second-order model had a higher correlation coefficient (R2 = 0.99) than the pseudo-

first-order model (R2 = 0.87), along with lower error values. Moreover, the pseudo-second-

order model had a better agreement for Qe(exp) with Qe(cal) obtained from the plot. From the 

results in Table 2.5, it was apparent that pseudo-second-order can explain all the adsorption 

data and represent the process that involves chemisorption. On the other hand, the pseudo-

first-order model is limited to the initial time range only, which resulted in a poor fit of the 

adsorption data and deviation in the Qe(cal) and Qe(exp) [28]. 

2.9.2. Adsorption mechanism 

To understand the adsorption of Fe3+ on solid zeolite A, it is imperative to gather some 

knowledge about the adsorption mechanism. Usually, the adsorption process can be 

illustrated in several steps: (i) diffusion of the target material from the bulk solution to the 

film surrounded by the adsorbent surface; (ii) diffusion through the film (film diffusion) to 

the external solid surface of the adsorbent; (iii) penetration within the pores (pore diffusion) 

and (iv) sorption and desorption of the target material within the pores and solid surface 

[18,29]. Steps (ii) and (iii) are responsible for the rate determination of the adsorption process 

because these two steps are considered the slowest steps. Whereas the other two are rapid 

steps. The Weber–Morris intraparticle diffusion [30], Boyd model [31], and Diffusion-

Chemisorption models were employed to investigate the diffusion mechanism. 

Webber-Morris intraparticle diffusion model was used to predict the transport property of 

Fe3+ from the bulk solution to the solid surface film, and it can be expressed as equation 

(2.13): 
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𝑄𝑡 = 𝐾3𝑡0.5 + 𝐶                 (2.13) 

Where Qt (mg/g) is the amount of Fe3+ adsorbed at any time t, K3 is the intraparticle diffusion 

rate constant (mg/g min0.5), and C (mg/g) denotes the film thickness of the boundary layer. If 

a plot between Qt and t0.5 gives a straight line, then the adsorption process would be solely 

controlled by the intraparticle diffusion mechanism. On the other hand, if the plot exhibits 

multilinear curve nature, it can be assumed that more than one step influences the adsorption 

process. The intraparticle diffusion model can be subdivided into three different steps: (a) 

adsorption of Fe3+ through the external surface; (b) intraparticle diffusion, and (c) equilibrium 

phase build-up where lack of Fe3+ concentration in solution will lead to the lower 

effectiveness of intraparticle diffusion [32]. Here, Figure 2.10c illustrates the Webber-Morris 

intraparticle diffusion model plot. Two straight lines (i.e. (i) in the time range of 3 to 7 

minutes and another (ii) in the 7 - 9 minutes range) were detected in the plot, from which it is 

pronounced that adsorption of Fe3+ is not solely controlled by intraparticle diffusion. The 

intraparticle diffusion was responsible for the first line segment, while the second line 

segment implied the building up of the equilibrium phase. As shown in Figure 2.10c, the 

intercept of the plot did not pass through the origin (i.e. (0, 0) point), which implies that the 

effect of the boundary layer cannot be neglected over intraparticle diffusion [30]. So it also 

can be suggested that multistage diffusion is occurring during the adsorption process. 

Many authors reported that the Boyd equation could be applied to determine the rate-

controlling step for any adsorption process. The equations involved can be expressed as 

equations (2.14) and (2.15): 

𝐹 = 1 − (
6

𝜋2) exp (−𝐵𝑡)                (2.14) 

Bt can be expressed as a mathematical function of F, and F is the fraction of Fe3+ adsorbed at 

any contact time t. The F value can be calculated from the following expression: 
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𝐹 =
𝑄𝑡

𝑄𝑒
                                (2.15) 

Where Qt and Qe are the amount of Fe3+ adsorbed into zeolite A at any time t and equilibrium 

state, respectively. The Bt values for several times (t) can be calculated from equation (2.16): 

𝐵𝑡 = −0.4977 − ln(1 − 𝐹)                                                                                               (2.16) 

 

The Boyd model suggested that if a linear plot of Bt vs. t (minute) passes through the origin, 

then the adsorption process is controlled by the particle diffusion method, else film diffusion 

can be considered as a rate-determining step for the process [30]. A plot between Bt and t 

(minute) is reported in Figure 2.10d, which shows that the line did not pass through the 

origin, which suggested that the process is film diffusion controlled. 

The diffusion-Chemisorption model was used to describe the Fe3+ adsorption on 

heterogeneous adsorbent zeolite A. The model can be expressed as equation (2.17): 

𝑡0.5

𝑄𝑡
=

1

𝐾4
+

𝑡0.5

𝑄𝑒
                   (2.17) 

Where K4 is known as the diffusion-chemisorption constant. A plot between 
𝑡0.5

𝑄𝑡
 vs t0.5 is 

reported in Figure 2.10e to explain the diffusion-chemisorption model and all the kinetic 

parameters are tabulated in Table 2.5. The R2 value obtained from the diffusion-

chemisorption model confirmed the adsorbate molecules (Fe3+ ions) are diffused into the 

zeolite A pore channel. It is also suggested that positively charged Fe3+ ions are attracted on a 

highly negative charge-contained zeolite A surface due to electrostatic force [30]. After 

comparing the correlation coefficient values from Table 2.5, for the above three models, it is 

reasonable to consider the diffusion-chemisorption model (R2 = 0.98) would be most suitable 

to illustrate the Fe3+ adsorption process mechanism. 
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Figure 2.10: Adsorption kinetic models (a) pseudo-first-order (b) pseudo-second-order 

(c) Webber-Morrison intra-particle diffusion model (d) Boyd model (e) Diffusion-

Chemisorption model at(adsorbent dosage=0.05g, contact time=120 minutes, initial 

concentration=10 mg/L, T=30˚C).  
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Table 2.5: Adsorption model parameters at (adsorbent dosage=0.05g, Initial 

concentration=10 mg/L, contact time=120 minutes, T=30˚C). 

Adsorption process modelling Parameters 

Model             Parameters                                    Values 

Weber–Morris intra-

particle diffusion 

K3 (mg/g min0.5) 0.78 

C (mg/g) 3.48 

R2 0.96 

Boyd  Slope 0.072 

Intercept -0.96 

R2 0.87 

Diffusion-Chemisorption  Qe(exp)(mg/g) 9.99 

Qe(cal)(mg/g) 18.22 

K4(mg/g min0.5) 2.55 

R2 0.98 

Langmuir isotherm Qm (mg/g) 28.63 

 KL (L/mg) 1.192 

 Rl 0.08 

 R2 0.99 

Freundlich isotherm KF ((mg/g)(L/mg)1/n) 18.73 

 n 9.63 

           R2 0.84 

Temkin isotherm B 2.97 

A (L/g) 16.14 

B (J/mole) 848.36 

R2 0.72 

Pseudo-first-order Qe(exp) (mg/g) 9.99 

 Qe(cal) (mg/g) 15.88 

 K1 (1/min) 0.072 

 R2 0.87 

Pseudo-second-order Qe(exp)(mg/g) 9.99 

 Qe(cal) (mg/g) 11.6 

 K2 (g/(mg min)) 0.006 

 R2 0.99 

 

2.9.3. Adsorption isotherm study 

The graphical representation of Fe3+ adsorption capacity at the equilibrium of LD-slag-based 

zeolite A has been shown in Figure 2.11, where zeolite A showed a superior Fe3+ adsorption 

capacity. It was expected that the zeolite surface has a high negative surface charge density (-
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56.7 mV), which causes the Fe3+ ion to have an electrostatic affinity on the zeolite surface. 

Moreover, the low Si/Al ratio in zeolite A causes the surface to be hydrophilic, which leads to 

good interaction between zeolite surface and iron molecule in aqueous media, which again 

consequently may influence a better removal efficiency of the synthesized zeolite [4]. To 

gather insight into the adsorption isotherm, the experimental Fe3+ adsorption update data (i.e., 

Qe, mg/g) has been correlated with the equilibrium concentration (Ce, mg/L) data at a fixed 

temperature of 303K. The Langmuir [33], Freundlich [30], and Temkin [16] adsorption 

isotherm model was used to study the isotherm nature of the Fe3+ adsorption process on 

zeolite A.  

The Langmuir adsorption isotherm model assumes that one adsorbate molecule will only 

occupy one active site on the adsorbent surface, i.e., maximum adsorption is related to a 

saturated monolayer of adsorbate molecule on the active site of the adsorbent. The 

homogeneous surface-based Langmuir isotherm [20] can be explained by equation (2.19): 

𝑄𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                      (2.18) 

Or, 

 

 
𝐶𝑒

𝑄𝑒
=

1

𝑄𝑚𝐾𝐿
+

𝐶𝑒

𝑄𝑚
                                                                 (2.19) 

 

Where Qe (mg/g) and Ce (mg/L) are the amount of Fe3+ ions adsorbed, and the Fe3+ 

concentration at equilibrium state, Qm (mg/g) is the maximum amount of Fe3+ adsorbed, KL 

(L/mg) is the Langmuir rate constant which describes the affection of active sites and the free 

energy of biosorption. A linear plot between  
𝐶𝑒

𝑄𝑒
 and Ce has been reported in Figure 2.11a. 

The isotherm parameters obtained from the plot are tabulated in Table 2.5. The Langmuir 

monolayer adsorption capacity was calculated from the slope of the plot (i.e., Qm = 28.63 

mg/g) at 303K with 0.05 g zeolite A loading. The affinity between the adsorbent and 
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adsorbate has been established by a separation factor (Rl) which was expressed in equation 

(2.20) [33]: 

𝑅𝑙 =
1

1+𝐾𝐿𝐶0
                                                              (2.20) 

The value of Rl describes the nature of adsorption isotherm, whether the isotherm either 

linear (Rl = 1), favourable (0 < Rl < 1), unfavourable (Rl > 1), or irreversible for Rl = 0. In the 

present study, the value of the separation factor (Rl = 0.08) is between 0 and 1, which 

indicates the adsorption of Fe3+ on zeolite A is favourable. 

The Freundlich isotherm model is not limited to monolayer adsorption. This model is useful 

to describe non-ideal heterogeneous adsorption systems. Many functional groups may present 

on the adsorbent surface, which causes the non-ideal heterogeneous nature of any system. 

The Freundlich isotherm model was expressed by equation (2.22). 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛                                                              (2.21) 

Or, 

ln 𝑄𝑒 = ln 𝐾𝐹 +
1

𝑛
ln 𝐶𝑒                                                            (2.22) 

Where, Qe (mg/g) and Ce (mg/L) are the concentration of Fe3+ adsorbed and the Fe3+ 

concentration at the equilibrium state, respectively. KF ((mg/g)(L/mg)1/n) is the Freundlich 

rate constant that describes the adsorption capacity and n is another rate constant. A plot of 

ln(Qe) vs. ln(Ce) is shown in Figure 2.11b and all the isotherm parameters are tabulated in 

Table 2.5. The R2 value from the Freundlich isotherm was 0.84, so the curve is not well 

fitted. It also suggests that no physisorption is involved in this adsorption process. The 

obtained ‘n’ value of 9.63 from the Freundlich model ranges from 1 to 10, which means that 

the only adsorption phenomenon taking place on the zeolite A surface was synthesized by the 

fusion-assisted hydrothermal method [17,34]. After comparing the R2 values for both the 

isotherm model from Table 2.5, it is evident that the Langmuir isotherm (R2 = 0.99) is better 
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fitted for the adsorption data than the Freundlich isotherm model, which indicates the Fe3+ 

ions are chemically adsorbed on the surface of highly negative charged prepared zeolite due 

to electrostatic attraction [28]. 

Figure 2.11c depicts the Temkin isotherm model. R2 value 0.72 from this isotherm suggests 

that the adsorption isotherm was not purely a chemisorption model. Now the order of 

equilibrium adsorption models that fitted best to the experimental data was: Langmuir > 

Freundlich > Temkin 

 

 

 

 

  

 

Figure 2.11: Plot of adsorption isotherms for iron on synthesize zeolite A (a) Langmuir 

(b) Freundlich (c) Temkin model and (d) Thermodynamics study. 
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2.9.4. Adsorption thermodynamics 

In general, the adsorption process is associated with temperature, i.e., the rate of adsorption is 

dependent on temperature, which can be explained by the thermodynamic properties of the 

given system. These thermodynamic properties are related to each other by some 

thermodynamic relations. Those relations are as follows equations (2.23) and (2.24): 

∆𝐺0 = −𝑅𝑇 ln 𝐾𝐷                                                        (2.23) 

ln 𝐾𝐷 = −
∆𝐺0

𝑅𝑇
=

∆𝑆0

𝑅
−

∆𝐻0

𝑅𝑇
                                                                 (2.24) 

Where R (8.314 J/mole K) is known as the universal gas constant and T is the solution 

temperature in K. ∆𝐺0 is the change in Gibbs free energy, ∆𝐻0 is known as an enthalpy 

change in the system, ∆𝑆0 is the measure of randomness of the system or the change in 

entropy, KD is the distribution coefficient for adsorbate, i.e., Fe3+ and adsorbent, i.e., zeolite 

A and can be expressed as equation (2.25): 

𝐾𝐷 =
𝑄𝑒

𝐶𝑒
                                                                           (2.25) 

Thermodynamic study for Fe3+ adsorption on zeolite A, at a temperature of 293, 298, 303, 

and 308K, have been reported in Figure 2.11d, where ln(KD) has been plotted with (1/T). 

Thermodynamic parameters obtained from the plot in Figure 2.11d have been tabulated in 

Table 2.6. The change in Gibbs free energy (ΔG0) values was found to be negative for the 

Fe3+ adsorption process at all temperatures, which suggested that the adsorption process be 

spontaneous. The ΔS0 was estimated using the intercept of the plot ln(KD) vs (1/T) and a 

value of 0.94 kJ/mole K was achieved, which indicated the process as an irreversible process. 

The standard enthalpy change (ΔH0) was obtained as a positive value, i.e. the Fe3+ adsorption 

on zeolite A is an endothermic process. If we increase the process temperature, the rate of 

adsorption and equilibrium conversion (for chemisorption only) will also increase. 
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Table 2.6: Thermodynamic parameters at (adsorbent dosage=0.05g, Initial 

concentration=10 mg/L, contact time=120 minute). 

 

Thermodynamic parameters 

 

ΔH0 (KJ/mole) ΔS0 (KJ/mole K) ΔG0 (KJ/mole) 

293K 298K 303K 308K 

267.46 0.94 -8.79 -12.66 -17.36 -22.08 

 

2.9.5. Application toward real-life drinking water samples 

The prepared zeolite A obtained from waste LD slag when utilized towards the drinking 

water samples obtained from the IIT Guwahati campus, spiked with various Fe3+ 

concentrations showed promising results. For 2.5 mg/L Fe3+ ion solution, the removal 

percentage was ~97.7% whereas for 5 mg/L, and 10 mg/L the removal percentage decreases 

to 95.3% and 93.5% respectively when a 1.4 g/L dosage of zeolite A was utilized. The 

decrease in removal % could be attributed due to the presence of several other ions present in 

the drinking water which increases the competition between the Fe3+ ions and others towards 

adsorption onto zeolite A. Moreover the active sites for adsorption decreases with an increase 

in Fe3+ ion concentration, hence with increasing Fe3+ ion concentration removal percentage 

decreases. From the obtained results it could be attributed that the prepared zeolite A can 

efficiently improve the water quality by removing excess Fe3+ ions in drinking water which is 

injurious to human health. 

 

 

 

 

 

TH-3301_186152003



Chapter 2 
 

65 

 

Summary 

Steel industry by-product, LD-slag, was found to be a potential candidate for zeolite type-A 

synthesis via fusion-assisted hydrothermal route. The stability performance of the obtained 

zeolite was conducted at different pH and treatment periods. The structural deformation was 

observed at low pH. At neutral and basic pH conditions no structural changes were noticed. 

The prepared zeolite A was employed as an adsorbent and has shown a significant Fe3+ 

adsorption efficiency from synthetic and Fe3+ spiked groundwater sample. 
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Chapter 3 

Physico-chemical and adsorption study of hydrothermally 

treated zeolite A and FAU-type zeolite X prepared from 

LD (Linz-Donawitz) slag of the steel industry 

 

Content of this chapter has been submitted for publication as below: 

N.S. Samanta, P.P. Das, P. Mondal, U. Bora, K. Mihir, Physico-chemical and adsorption study of 

hydrothermally treated zeolite A and FAU-type zeolite X prepared from LD ( Linz-Donawitz ) slag of the steel 

industry, Int. J. Environ. Anal. Chem. 00 (2022) 1–23. https://doi.org/10.1080/03067319.2022.2079082. 

The sodium-rich zeolite A and zeolite X (FAU-type) samples were synthesized from LD-slag 

via fusion-assisted hydrothermal treatment. The physicochemical and thermal stability of the 

prepared samples were examined with the help of various characterization techniques 

namely Fourier Transform Infrared (FTIR) Spectroscopy, X-ray diffraction (XRD), and 

thermogravimetric analysis (TGA) analysis at three different pH conditions and treatment 

times. Moreover, the sustainability of the crystalline phase and the corresponding zeolite 

network was evaluated from XRD, FTIR, TGA, and Field-Emission Scanning Electron 

Microscopy (FESEM) analysis. Methylene blue (MB) adsorption performance of both zeolite 

samples were examined at different MB concentration and pH. The cost analysis is evident in 

the economic sustainability of the LD-slag-derived zeolites. 

3.1. Experimental 

3.1.1. Materials  

The LD-slag utilized in this study was obtained from TATA Steel Industry Ltd., Jamshedpur, 

India. Hydrochloric acid (37%), sodium hydroxide pellets (98%), sodium aluminate 

(99.99%), and sodium silicate (99%) were procured from Sigma Aldrich Pvt. Ltd. and were 

employed in zeolite synthesis to maintain the Si and Al ratio.  

Methylene blue (MB) with chemical formula: C16H18CIN3S.3H2O and molecular weight: 

319.86 g/mol was procured from analytical reagent (AR) grade from Merck (Darmstadt, 

Germany) and used without any further purification. An aqueous stock solution of methylene 
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blue concentration (1000 mg/L) was made in distilled water for the adsorption experiment. 

The desired concentration for all working solutions was prepared by consecutive dilution. 

3.1.2. Zeolite synthesis 

LD-slag-based zeolite A and X were prepared through fusion-assisted followed by alkaline 

hydrothermal treatment. The unburnt carbon along with volatile materials was removed by 

calcination of LD-slag at 800°C for 2.5 hours. The acid leaching was conducted with calcined 

slag and 0.1M hydrochloric acid (1:5, w/v ratio) at 80°C for 2 hours during zeolitization in 

order to enhance the phase purity of zeolites. The solution pH was found to be 6.8 after acid 

leaching. In this treatment, NaOH (7.5 g) facilitated LD-slag (5 g) (1:1.5 w/w ratio of 

slag/NaOH ) was fused at  550°C for 1 hour to fabricate Na-rich zeolite type A and X zeolite. 

The obtained fusion mixture was cooled, crushed, and combined with de-ionized water (1:10, 

w/v ratio) and kept for 12 hours at room temperature for stirring, followed by aging. A very 

small amount of sodium silicate was then mixed with the resulting slag solution. 

Simultaneously, sodium aluminate was added to the resulting slurry to maintain the 

synthesized zeolite’s Si/Al ratio [1,2]. The slurry was agitated continuously for 24 hours at 

room temperature. After 24 hours, the obtained slurry was poured into an autoclave for 

crystallization at 90°C for 8 hours. The resulting sample was then filtered and washed several 

times with de-ionized water to reduce the number of unwanted metal oxides and also to fix 

the solution pH at 9-10. Subsequent drying was carried out at an elevated temperature of 

100°C for 12 hours in a hot air oven to recover zeolite A and X respectively. The zeolite 

synthesis procedure is illustrated in Figure 3.1. 
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Figure 3.1: Flowchart of zeolite synthesis from LD-slag via Fusion-assisted followed by 

hydrothermal treatment. 

 

3.1.3. Advantages and disadvantages of the method 

The fusion-assisted hydrothermal treatment is a conventional way to prepare zeolite-type 

minerals from synthetic wastes. However, this technique has some benefits and limitations 

which are illustrated below. 
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Advantages: (i) The pre-fusion treatment promotes the zeolite structure and crystallinity; (ii) 

Allows a high amount of synthetic waste and alkaline material to form a higher concentration 

of silicate and aluminosilicate that leads to more zeolite formation [3]. 

Disadvantages: (i) The pre-fusion treatment may increase the cost of the following method 

due to the high temperature required (500-600°C) [4]; (ii) The high-temperature fusion may 

cause the generation of greenhouse and harmful gases [3]. 

3.1.4. Adsorption studies 

 
An initial concentration of 15 mg/L MB synthetic solution was prepared by dissolving 15 mg 

of MB in 1 L of de-ionized water for conducting the adsorption experimental studies on both 

the synthesized zeolites (zeolite A and zeolite X) for the evaluation of their adsorption ability. 

The synthetic MB mixture was prepared with a concentration somewhat higher than that seen 

in textile effluent (10 mg/L). The adsorption experiment was carried out using a series of 

batch methods in a 100 mL conical flask at ambient temperature (25°C). A mixture of 0.08 g 

of zeolite A and 50 mL of 15 mg/L MB was supplied to a 100 mL conical flask and agitated 

at 300 rpm for 3 hours. After a time interval of 1 hour, the dye solution was taken out, 

filtered, and analyzed with the help of a UV-visible spectrometer at a fixed characteristic 

wavelength of 663 nm. From the calibration curve, the Methylene blue (MB) concentration 

was determined at different time intervals. For zeolite A and X, the equilibrium period for 

MB adsorption was 120 and 135 minutes, respectively. The removal efficiency (R) of MB 

and adsorption capacity (Qt) of the prepared zeolites at varying treatment times were 

estimated by the following equations: 

𝑄𝑡 =  
(𝐶0−𝐶𝑡)𝑉

𝑊
                    (3.1) 

𝑅 =  
(𝐶0−𝐶𝑒)

𝐶0
× 100 (%)                  (3.2) 
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The initial and final concentrations of Methylene blue (MB) were represented by C0 and Ce 

respectively where Ct in equation (3.1) denotes the dye concentration after a regular time 

interval [5]. 

3.2. Characterization methods 

X-ray diffraction analysis was carried out using the Bruker D8 Advance model. Scanning was 

performed in a 2θ range between 10 to 60° and at a speed of 0.05°/sec in continuous mode. 

The XRD profiles were obtained using radiation of Cu Kα = 0.15406 nm. The X-ray source 

was operated at 40 kV and 5 mA. 

FESEM was performed for determining the morphological analysis of the treated samples. 

The internal and external surface morphology of the samples was investigated by the FESEM 

(ZESIS, Model 1430 VP) instrument. Before the analysis, the treated samples were dried 

between 70 to 80°C in a hot air oven and were coated with gold plating on their surface 

before the analysis. 

EDX analysis equipped with FESEM was carried out to observe the EDX spectra. EDX was 

performed to determine the elemental composition of the treated samples. The sample 

preparation for EDX was kept similar to the FESEM analysis. 

FTIR analysis of the samples was conducted using Shimadzu IR Affinity-1. The instrument is 

equipped with a ceramic infrared (IR) source. The scanning range of the instrument varied 

from 400-4000 cm-1 with a maximum resolution of 0.5 cm-1. 

Thermal durability analysis of the synthesized zeolite was conducted with the help of a TGA 

instrument (Make: NETZSCH, Model: TG209 F1). Type of crucible used: DSC/TG pan 

Al2O3. At a flow rate of 20 mL/minute, argon was employed as an inert gas. The analysis 

temperature was adjusted in the range of 25°C to 1000°C at a heating rate of 10 K/minute. 
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Differential Thermal Analysis (DTA) (Make: NETZSCH, Model: TG209 F1) analysis was 

performed to determine the melting or degradation temperature of the prepared zeolites. The 

temperature program was set at a rate of 10 K/minute from 25°C to 1000°C. 

N2 adsorption-desorption isotherms of the prepared zeolites were recorded at -196°C with a 

Quanta chrome (Model: AutosorbiQ) gas sorption analyzer. The samples were degassed at 

150°C for 12 hours in an ultrahigh vacuum environment before the analysis. Brunauer-

Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques were applied to 

determine the specific surface area (SBET) and pore size distribution.  

The quantitative estimation of adsorbate concentration in the liquid sample was performed 

through ultraviolet-visible (UV-Vis) (Model: UV-2600 240 V EN) spectroscopy at room 

temperature. Adsorptions were determined using a 4 s integration time in a wavelength range 

of 200-800 nm. 

3.3. Results and discussion 

3.3.1. Characterization of Zeolite type-A and X 

3.3.1.1. XRD analysis 

The XRD pattern of the synthesized zeolites for instance zeolite A and zeolite X utilizing 

LD-slag as the waste source is shown in Figure 3.2 and Figure 3.3, respectively, which 

exhibits the structural characteristics of the zeolite phase. The crystalline plane of the final 

sample of zeolite A, zeolite X, and LD-slag was also investigated. The sharp peaks of the slag 

along with the product samples of zeolite A and zeolite X were observed at different 

diffraction angles, having the same 2θ degree ranging from 10 to 80°. Moreover, 2θ angle at 

10.18°, 12.54°, 16.06°, 20.28°, 21.88°, 24.04°, 27.72°, 30.04°, 32.66°, 34.14°, 39.58°, 44.18°, 

45.24°, 47.34°, 52.58°, 53.5°, 54.26°, 58.56°, 69.19° confirmed the crystalline planes (1 1 0), 

(1 1 1), (2 1 0), (2 2 0), (3 0 0), (3 1 1), (3 2 1), (4 1 0), (4 2 0), (3 3 2), (4 3 2), (4 4 2), (3 1 
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1), (4 4 3), (5 4 3), (5 5 1), (6 4 1), (6 4 3), (8 3 3) which corresponds to zeolite A [6–8]. On 

the other hand, the diffraction peaks observed at10°, 15.76°, 20.08°, 21.50°, 23.12°, 26.99°, 

32.98°, and 34.20° indicate the crystalline planes (2 2 0), (3 3 1), (4 4 0), (5 3 1), (4 4 2), (1 1 

2), (6 6 4) and (9 1 3) for zeolite X [9]. The characteristic peaks confirm that the synthesized 

zeolites are zeolite A and zeolite X. Furthermore, the sharp peaks detected at 18.04°, 26.6°, 

29.5°, 33.64°, 34.16°, 39.48°, 42.12°, 47.2°, and 50.88° also reveals the crystalline nature of 

LD-slag [10]. 

Figure 3.4a-c and Figure 3.5a-c show the X-ray diffraction pattern of the fabricated zeolites 

which evaluates the stability of zeolite A and zeolite X samples at different pH conditions. 

The results indicated that no drastic change in crystalline phases has been found at different 

pH conditions, however, a decrease in the peak intensity was observed for the zeolite A 

sample at pH 2, treated for 2 and 3 days, respectively, as compared to other pH conditions 

treated for the same number of days. The reason may be attributed to the presence of less 

crystallinity in the prepared sample under the acidic condition at a diffraction angle of 30.04° 

as shown in Figure 3.4a. In addition, noticeable changes in peak intensity have not been 

observed at pH 12 for zeolite A, however, peaks at 10.16° and 12.58° were almost invisible 

after 3 days of treatment time which corresponds to the crystalline plane of (1 1 0) and (1 1 

1). The result refers to the breaking or deformation of the zeolite A cage, the FESEM images 

depicted in Figure 3.6c(i) verified the XRD analysis. The same characteristic has also been 

observed for the zeolite X sample at low pH conditions (Figure 3.5a). Moreover, the FESEM 

images shown in Figures 3.6a(i) and a(ii) verified the XRD analysis. 

It was found from the XRD patterns that, the final products still maintained the zeolitic 

structure, ranging from high to low pH conditions. The analysis report also reveals that the 

synthesized samples may show stability under any pH range except for very acidic pH 
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conditions (pH 2), at which a less crystalline nature was observed with regard to both the 

synthesized samples. 

 

 

 

 
 

 
 

 

Figure 3.2: (a) XRD pattern, (b) FTIR spectrum, and (c) FESEM micrographs of 

synthetic zeolite type-A. 
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Figure 3.3: (a) XRD pattern, (b) FTIR spectrum, and (c) FESEM images of the 

synthesized zeolite X. 

 

3.3.1.2. Fourier transform infrared spectroscopy 

The IR-spectra of the synthesized zeolite A and zeolite X samples are shown in Figure 3.2 

and Figure 3.3, respectively. Almost similar spectra were observed for both synthesized 

samples. The adsorption peak bands at 457-472 cm-1, 662-668 cm-1, 1030-1088 cm-1, 1660-

1667 cm-1, and 3470-3637 cm-1 signify Si-O or Al-O (T-O) bending vibration [11], symmetric 

stretching of Si-O-Al, symmetric and asymmetric stretching of SiO4 and AlO4,  
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Figure 3.4: (a)-(c) XRD pattern and (d)-(f) FTIR spectrum of synthesized zeolite A at 

different pH conditions and different treatment periods of 1-3 days. 
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flexion vibration of O-H group, and hydrogen-bonded Si-OH groups respectively [12]. In 

addition to that, the broad band that appeared at 860 cm-1 depicts the presence of stretching of 

the Silanol (Si-OH) group related to silicon atoms bonded with the hydroxyl (-OH) group 

[12,13]. 

As shown in Figure 3.4d-f and Figure 3.5d-f, a comparative study of zeolite A and X has 

been established through FTIR spectroscopy analysis performed within the range of 500-

4000 cm-1. Figure 3.4d and Figure 3.5d depict the IR spectrum of zeolite A and X, 

respectively at pH 2. In Figure 3.4d, a broad peak appeared at 1650 cm-1, which is assigned to 

the flexion vibration of the OH group in the zeolite A sample. The same band was shifted 

towards a slightly higher frequency of 1654 cm-1 for the zeolite X sample. In the case of 

zeolite A, the small vibrational peaks noticed at 460 cm-1 and 701 cm-1 for pH 2 are assigned 

to the asymmetric and symmetric stretch of T-O (T=Si, Al) and TO4, respectively. However, 

the same peaks were found to be negligible after a period of 2-3 days, when the zeolite A 

sample was treated under the same pH condition. It was also observed that at highly acidic 

conditions the Si-OH band hasn’t arrived but the same band was shifted towards a slightly 

higher frequency of 864 cm-1 for neutral and highly basic conditions, respectively. On the 

other hand, for the zeolite X sample, the asymmetric and symmetric stretch of T-O (T=Si, Al) 

and TO4 were observed at 460 and 715 cm-1, respectively. FTIR spectrum of the zeolite X 

sample also demonstrated a sharp and very prominent peak at 555 cm-1, which refers to the 

symmetric stretching vibrations of the bridge bonds Si-O-Si and bending vibrations O-Si-O at 

the same pH condition, however, no prominent vibrational peak was observed within this 

range for zeolite A sample [14].  

Figure 3.4e and Figure 3.4e illustrated the IR spectrum of the final product sample zeolite A 

and zeolite X at pH 7, respectively. The asymmetric and symmetric stretch of T-O (T=Si, Al) 

and TO4, flexion vibration of OH group, symmetric stretching vibrations of bridge bonds Si-  
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Figure 3.5: (a)-(c) XRD pattern and (d)-(f) FTIR spectrum of synthesized zeolite X 

sample at pH 2, 7, and 12, respectively at various treatment periods of 1-3 days. 
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O-Si and bending vibrations O-Si-O, asymmetric stretching vibrations of bridge bonds Si-

O(Si) and Si-O (Al), hydrous metal oxides and OH- bond were observed at 460, 1660, 558, 

1006 and 1400 cm-1 frequency, respectively for the synthesized zeolite A sample [15]. 

However, the same vibrational peaks for zeolite X appeared at 457, 1650, 552, 1006, and 

1400 cm-1 bands. Figure 3.4e reveals a decreasing trend in the peak intensity of the band at 

558 cm-1 when the sample was dipped at pH 7 for 2-3 days. This is due to the presence of 

weaker Si-O-Si and O-Si-O bonds in the zeolite sample. Similarly, Figure 3.4f and Figure 

3.5f display the IR spectrum for synthesized zeolite A and X, respectively, at highly basic 

conditions (pH 12). The well-defined IR bands at 1660, 1400, 1006, 556, and 455 cm-1 are 

assigned to water deformation mode (flexion vibration of OH), hydrous metal oxides and OH- 

bond, asymmetric stretching vibrations of bridge bonds Si-O (Si) and Si-O (Al), symmetric 

stretching vibrations of bridge bonds Si-O-Si and bending vibrations O-Si-O and T-O 

vibration of the SiO4 and AlO4 internal tetrahedral respectively for zeolite A. For zeolite X, 

the bonds appeared at 1654, 1391, 1070, and 556 cm-1, where the disappearance of the T-O 

vibration band is also observed. The band ranging from 3470 to 3570 cm-1 are assigned to 

hydroxyl groups (hydrogen-bonded Si-OH groups) in zeolite cages. The distinct band at ~ 

1660 cm-1 is attributed to the bending vibration of the OH group which coexists with OH 

stretching vibration at ~ 3470 to 3570 cm-1 [16]. 

3.3.1.3. SEM analysis 

The microscopic images of zeolite A and zeolite X are shown in Figure 3.2c and Figure 3.3c, 

respectively. The SEM micrographs in both figures demonstrate that the synthesized zeolite 

A sample showed a much smoother and cubical surface as compared to the synthesized 

zeolite X. However, the octahedral crystal shape of X-type zeolite has been observed, as 

shown in Figure 3.3c. 
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After being treated at various pH (2, 7, and 12) for 3 days, the surface morphologies of both 

the prepared zeolites (zeolite A and zeolite X) were studied with the help of FESEM analysis, 

as displayed in Figure 3.6. It was seen from Figure 3.6a(i) that the cubic shape of the zeolite 

A sample gets distorted when it was kept at pH 2 for a maximum treatment time of 3 days. 

This is because highly acidic solution protons (H+ ions) attack the Si-O-Al bonds which get 

hydrolyzed, resulting in the dealumination and splitting of the bonds into more stable Si=OH 

and Al=OH structures [17]. This causes an internal pressure in the zeolite cage due to which 

the water present in the β cage of zeolite A will move out to the α cage. In addition, the Na+ 

ion present in the zeolite cage gets attacked by OH- ions, thereby forming NaOH and moving 

out with the water molecules, which in turn results in the disintegration of the tetrahedral unit 

of the zeolite network [5]. Figure 3.7 illustrates the stepwise deformation mechanism of the 

zeolite framework. On the other hand, brittle, agglomerated, and uneven surface texture 

distribution was observed for the zeolite X sample at the same pH condition. The reason may 

be due to the breaking down of metal hydroxide and metal oxide under acidic conditions. 

Also, as shown in Figure 3.6b(i), no major changes in the geometrical structure of zeolite A 

were observed at pH 7, however, some ruptures on the surface of zeolite X were noticed 

under the same pH condition, as displayed in Figure 3.6b(ii). Figure 3.6c(i) and c(ii) also 

confirmed that there was no significant shift in both the types of zeolite structures under 

highly basic conditions (i.e. pH 12), though the presence of agglomerated particles on the 

surface of zeolite X was observed, as shown in Figure 3.6c(ii). 

As such, it was confirmed from the FESEM images that, at low pH conditions zeolite 

samples appear to be unstable; whereas no structural change has been observed at neutral and 

highly basic conditions. The result also implies that synthesized zeolite A and X are more 

stable at pH 7 and 12 rather than at pH 2. 
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Figure 3.6: a(i)-c(i) and a(ii)-c(ii) SEM analysis of synthesized zeolite A and zeolite X at 

pH 2, pH 7, and pH 12, respectively for 3 days. 
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Figure 3.7: Stepwise mechanism of structural deformation of the low-silica zeolite 

framework. 

3.3.1.4. Thermo-gravimetric analysis 

The comparative TGA-DTA graph of LD-slag processed zeolite A and X is shown in Figure 

3.8. The LD-slag-based zeolites were synthesized to understand the limitation of thermal 

stability, as synthesized zeolites may be used during adsorption or catalytic processes where 

heat treatment is the basic requirement for regeneration processes. The multi-stage mass 

losses from both LD-slag-based zeolites were observed at different temperature ranges for all 

pH conditions. The thermograph shown in Figure 3.8a illustrates the dehydration 

characteristics of the zeolite A sample. It was noticed that dehydration of zeolite A sample 

leads to its splitting at 4 different stages under acidic pH 2 after a period of 3 days. A mass 

loss percentage of 1.03% occurs at the initial stage between 23.8 and 70.03°C. However, a  
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Figure 3.8: (a)-(c) and (d)-(f) TGA, (g) and (h) DTA analysis of synthesized zeolite A 

and X at pH 2, 7, and 12, respectively for a treatment time of 3 days. 

 

major mass loss of 9.63% was observed during the third stage at a temperature range of 235 

to 609.81°C. The reason may be due to the mesoporosity as well as water entrapment in the 

mesoporous pores of the zeolite framework, which eventually gets evaporated during the 

above-mentioned temperature range. Moreover, Figure 3.8b indicates a mass loss of 3.9% at 

a temperature range of 40.8 to 223.81°C, during the initial stage. As the experiment proceeds 

further, it can be seen that the highest mass loss of 6.05% occurred within a temperature 

range of 223.81 and 636.81°C under neutral pH conditions (pH 7). Similarly, Figure 3.8c 

depicts a mass loss of 4.18% initially at a temperature range of ~ 60 to 218.3°C, followed by 

a subsequent mass loss of 6.75% between 290.3 to 639°C, respectively. From the three 

figures, it was inferred that the mass loss occurrence at pH 7 is less compared to the mass loss 

at pH 2 and 12. 

The TGA thermograph shown in Figures 3.8d-f indicates the thermal study of zeolite X.  It 

was observed from Figure 3.8d that, the mass loss for zeolite X under acidic pH 2 occurs at 

six different stages, of which a mass loss of 7.88% during the third stage was found to be 

highest between a temperature range of 331.8 and 582°C. Furthermore, the mass loss that 
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occurs during the initial stage was found to be 6.51% at a temperature between 60 to 

211.6°C. However, at the temperature range of 734-937°C, the mass loss was found to be 

minimal (2.91%). Similarly, at pH 7 (Figure 3.8e), the mass loss during the initial stage was 

found to be 2.13%, whereas, a maximum mass loss of 8.7% occurred within the temperature 

range of 97.84-232.8°C. Moreover, at pH 12 (Figure 3.8f) it was noticed that the maximum 

(9.98%), and minimum (1.08%) mass losses were observed at the temperature range of 25-

57.34°C and 57.34-240°C, respectively. 

From Figure 3.8, it is apparent that the highest residual mass of 89.55% and 78.80% were 

achieved for zeolite A and zeolite X samples respectively under neutral pH conditions (pH 7) 

and a temperature of 949°C. However, a less residual mass percentage was found at pH 2 and 

12 for both samples. The TGA analysis also revealed that the residual mass of zeolite A was 

higher at all the pH conditions, as compared to zeolite X. The maximum weight loss or 

moisture loss from the zeolite network indicated the dissociation of Si-O and weaker Al-O 

bonds present in the zeolite framework. Generally, the water adsorption capacity of highly 

crystalline zeolite A and X is usually >26% and >32%, respectively. Moreover, mesopores in 

X-type zeolite framework could lead to cage deformation at high temperature, resulting in 

loss of moisture as well as volatile components present in the synthetic zeolite [18], which 

could be a valid reason for less residual mass of zeolite X at all pH conditions compare to 

zeolite type-A. The FESEM images confirmed the above findings as shown in Figure 3.6a(i), 

a(ii) and c(i), c(ii), which designates the shrinkage and structural deformation of zeolite 

crystal obtained under highly acidic (pH 2) and basic (pH 12) conditions after a treatment 

time of 3 days. As a consequence, a high amount of mass loss was observed due to 

evaporation during thermal analysis. The detailed thermal analysis report of both the 

synthesized samples is summarized in Table 3.1. 
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Table 3.1: TGA analysis of synthesized zeolite types A and X. 

 

Zeolite A Zeolite X 

Stage 

no. 

Mass 

loss 

(%) 

Temperature 

(°C) 

Total mass 

loss (%) 

Stage 

no. 

Mass 

loss 

(%) 

Temperature 

(°C) 

Total 

mass 

loss (%) 

Thermal analysis at pH 2 Thermal analysis at pH 2 

1st 1.03 23.8-70.3 

19.2 

1st 6.51 60-211.6 

29.4 

2nd 6.3 70.3-235.8 2nd 4.53 211.6-331.8 

3rd 9.63 235.8-609.8 3rd 7.88 331.8-582 

4th 2.28 609.8-858.3 4th 3.65 582-690 

- - - 5th 3.92 690-734 

- - - 6th 2.91 734-937 

Thermal analysis at pH 7 Thermal analysis at pH 7 

1st 3.9 40.8-223.8 

10.45 

1st 2.13 25-97.84 

21.16 

2nd 6.05 223.8-636.8 2nd 8.7 97.84-232.8 

3rd 0.5 636.8-718.3 3rd 2.2 232.8-323.8 

- - - 4th 3.97 323.8-630.8 

- - - 5th 4.16 630.84-732.8 

Thermal analysis at pH 12 Thermal analysis at pH 12 

1st 4.18 60-218.3 

15.71 

1st 1.08 25-57.34 

21.32 

2nd 2.24 218.3-290.3 2nd 9.98 57.34-240 

3rd 6.75 290.3-639 3rd 2.5 240-327.57 

4th 2.54 639-880 4th 3.72 327.57-618 

- - - 5th 4.22 618-734.84 
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The similarities of TGA results were supported by the corresponding DTA graphs for both 

zeolite A and X as shown in Figure 3.8g and 3.8h, respectively. The sharp endothermic peaks 

were only observed near 175°C, 340.86°C, and 500°C for pH 2, whereas for pH 7 and 12, the 

peaks occurred at 245°C and 415°C, respectively for zeolite A. This can be attributed to the 

desorption of water molecules, which leads to shrinkage in the unit cell to form a new 

anhydrous phase at the above-mentioned temperature. However, no exothermic peak was 

observed during the DTA analysis, which suggested that less structural deformation was 

observed for the zeolite A sample. Moreover, the endothermic peak characteristic of 

dihydroxylation was found to be within the temperature range of 25°C-250°C, 250°C-440°C, 

and 440°C-570°C for zeolite X sample in all pH conditions after a treatment time of 3 days as 

shown in Figure 3.8h. Furthermore, an exothermic peak seen between 690°C to 750°C can be 

attributed to the structural disintegration of zeolite X, thereby resulting in the arrangement of 

an amorphous phase, as observed in Figure 3.8h inset [19]. 

It is apparent from the preceding thermal study that the residual mass of the zeolite A sample 

is higher as compared to zeolite X for all pH conditions. That indicates that type-A zeolite is 

more thermally stable than another sample (zeolite X). The reason can be explained as 

temperature increased the dissociation of weaker Al-O bond and Si-O bond in zeolite X 

network occurred that resulting in the elimination of a higher amount of moisture as well as 

other volatiles substituents with respect to zeolite type A. 

3.3.1.5. BET analysis 

The N2 adsorption-desorption and pore size distribution of raw LD-slag and slag-based 

fabricated zeolite A and FAU (X-type zeolite) are depicted in Figures 3.9a and 3.9b, 

respectively. The surface area, pore volume, and BJH pore diameter are displayed in Table 

3.2. Both the synthesized zeolites showed type II adsorption-desorption isotherm with H3 
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type hysteresis loop, thereby indicating the presence of mesopores. Zeolite A and X were 

found to have surface areas of 27.61 and 14.17 m2/g, respectively, and total pore volumes of 

0.086 and 0.131 cm3/g (Table 3.2). The Barrett, Joyner, and Halenda (BJH) pore size 

distribution revealed that the majority of the pore size lies within the range of 1.98 to 4.22 nm 

for zeolite A, on the contrary, the majority of the pore size for zeolite X lies within the range 

of 3.37 to 4.21 nm, respectively, as depicted in Figure 3.9b. Therefore, it is apparent from the 

above study that the obtained zeolites were mesoporous in nature [20]. However, the BET 

surface area of raw slag was found to be 6.11m2/g with BJH pore size in the range of 3.32 to 

4.57 nm. The results suggested that the pores in the raw slag were mesoporous in nature. 

From the BET analysis, it was suggested that the synthesized zeolite A was found to be 

highly porous compared to zeolite X. The findings also demonstrated that for both samples 

the BET surface area is higher as compared with raw LD-slag. Table 3.3 shows a 

comparative analysis of BET surface area and pore volume of synthetic LD-slag-based 

zeolite A and zeolite X with other types of commercial and synthesized zeolite. 
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Figure 3.9: (a) BET isotherms and (b) BJH pore-size distributions of LD-slag and 

synthesized zeolites. 

Table 3.2: BET analysis of raw LD-slag and slag-modified zeolite type-A and X. 

 

Sample BET surface 

area (m2/g) 

Pore volume (cm3/g) BJH Pore diameter 

(nm) 

Raw LD-slag 6.11 0.015 3.32-4.57 

Zeolite A 27.61 0.086 1.98-4.22 

Zeolite X 14.17 0.131 3.37-4.21 

 

Table 3.3: A comparison study on BET analysis of LD-slag-based zeolite A and X with 

zeolites from other sources. 

 

Sample Type 
BET surface 

area (m2/g) 

Pore volume 

(cc/g) 
References 

Zeolite A Synthesized 3.00 0.001 [35] 

Zeolite A Synthesized 13.37 0.0011 [36] 

Zeolite A Synthesized 11.90 - [37] 

Zeolite 4A Commercial 7.37 0.00022 [36] 

Zeolite 4A Synthesized 13.37 0.00114 [36] 

Zeolite A 
Synthesized 

(CFA-based) 
<3 - [38] 

Cancrinite 
Synthesized 

(CFA-based) 
11.90 - [8] 

Zeolite Natural 11.40 0.06035 [39] 

Zeolite Na-P1 
Synthesized 

(CFA-based) 
4.311 0.077 [40] 

Zeolite Commercial 13.83 - [34] 

Zeolite A 
Synthesized 

(BFA-based) 
12.00 0.004 [41] 

Zeolite A 

Synthesized 

(LD-slag-

based) 

27.61 0.086 Present work 

Zeolite X 

Synthesized 

(LD-slag-

based) 

14.17 0.131 Present work 

 

3.3.1.6. Zeta potential and isoelectric point of prepared zeolites 
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The zeta potential value obtained confirms the surface charge of the synthesized zeolites. The 

two synthesized zeolites (A and X) showed a highly negative surface charge, as both consist 

of a high silica-enrich framework (where silica atoms were substituted by an aluminium atom 

with the sharing of oxygen atoms). This resulted in a negatively charged zeolite framework. It 

was also proposed that the higher the number of aluminum atoms associated with silicon 

atoms or zeolite framework, the more will be the surface negative charge density of zeolite A 

[21]. As more amount of sodium aluminate is used to maintain the Si/Al ratio of zeolite A, it 

resulted in a high negative surface charge. The surface charge for zeolite A and zeolite X was 

obtained at -52.60 and -43.90 mV, respectively at pH 8.9±0.1. Particles with zeta potentials 

more positive than +30 mV or more negative than -30 mV are normally considered stable 

particles [22,23]. Therefore, zeolite A and zeolite X particles are very stable at pH 8.9. 

The isoelectric point of synthesized zeolite A and zeolite X was found at pH 5 and 5.5 

respectively. For instance, at a pH below 5, zeolite A carries a positive charge, whereas a 

negative charge was obtained at a pH higher than 5. However, zeolite X showed a positive 

surface charge below pH 5.5 and gets negatively charged above the same pH condition as 

depicted in Figure 3.10a. 

3.4. Methylene Blue (MB) removal study 

As already mentioned, this work is mainly focused on the synthesis of zeolites along with 

their sustainability with respect to physiochemical, and thermal stability under acidic, neutral, 

and highly basic conditions, at different treatment times. The surface charge analysis 

confirmed the high negative charge of both zeolites, which can be effectively used as cation 

exchange agents. Therefore, to establish its ability towards cation exchange both zeolites 

were employed for cationic dye removal.  
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3.4.1. Adsorbent dose optimization 

To investigate the optimum zeolite dose on MB adsorption at an initial concentration of 15 

mg/L, the following protocol has been employed: 50 mL of MB solution and 0.02, 0.04, 0.06, 

0.08, 0.1, 0.12 g of each zeolite (zeolite A and zeolite X) were mixed to prepare 6 different 

synthetic solutions of zeolite A and zeolite X at room temperature (25°C) and stirred for a 

duration of 12 hours. At an optimum zeolite dose of 0.08 g, the maximum MB sorption was 

found to be 98.13% and 94.47% for zeolite A and zeolite X, respectively within 3 hours 

(Figure 3.10b). However, dye concentration was varied from 15-50 mg/L to find the effect on 

adsorption capacity and dye rejection efficiency. 

3.4.2. Effect of initial concentration of MB 

Initially, the MB concentration was set to 15-50 mg/L to investigate the percent removal of 

dye and equilibrium adsorption capacity onto 0.08 g of prepared zeolite A and X, as shown in 

Figure 3.10e. Percent removal of dye was reduced with higher MB concentration (40-50 

mg/L), meanwhile, equilibrium sorption capacity gets increased up to a certain MB 

concentration range and reached equilibrium at higher dye concentration (Figure 3.10e) and 

this is because the driving force for mass transfer rises as the dye concentration increases. 

There will be vacant active sites on the adsorbent's surface at low concentrations. But, at a 

high concentration, there will be lacking an active site for adsorption, indicating that with an 

initial MB concentration of 35 mg/L and above the sorption capacity did not rise and reached 

equilibrium [2,24]. 
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3.4.3. Effect of contact time on dye removal and adsorption capacity of 

zeolites 

It was observed that during the initial period, the MB removal and adsorption capacity 

increases exponentially until an equilibrium is reached after 120 minutes for zeolite A and 

135 minutes for zeolite X. This is probably due to the electrostatic attraction between the 

anionic zeolite surface and cationic dye molecules. However, it was also proposed that the 

presence of a large number of active sites significantly influences the binding of adsorbates 

on the adsorbent surface, thereby leading to a higher MB removal by zeolite A as compared 

to zeolite X [25]. The effect of contact time on MB removal and sorption capacity is depicted 

in Figures 3.10c and 3.10d, respectively.  The relative adsorption capacity was found to be 

25.30 and 23.57 mg/g with MB removal efficiency of 98.13% and 94.47% on zeolite A and X 

surfaces, respectively. Table 3.4 depicts a comparison study of MB cationic dye removal 

utilizing various types of zeolite, revealing that the produced zeolite A and X from waste LD-

slag performed better than previously published studies. 

3.4.4. Effect of solution pH on MB removal and sorption capacity 

It is widely known that dye adsorption is considerably influenced by solution pH [30]. The 

solution pH resulted in a higher degree of cation adsorption when comes in contact with the 

adsorbent surface. Figure 3.11 illustrates the effect of solution pH (2 to 12) on MB removal 

by LD-slag-based synthesized zeolites. It was observed that variation in pH causes an 

irregular change in the MB removal efficiency along with its adsorbed amount (mg/g). As 

shown in Figures 3.11a and 3.11b the threshold pH value was found to be 4.9±0.3 and 

5.5±0.3 for synthesized A and X-type zeolites, respectively. This threshold pH can be 

described by the value of zero point charge, as shown in Figure 3.10a. This indicates that the 
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prepared samples will carry positive and negative charges before and after the threshold pH 

value respectively. 

Table 3.4: Comparison study of MB removal by various types of zeolites reported in the 

different literature. 

 

Adsorbent Type 

MB 

concentration 

(mg/L) 

Adsorption 

capacity 

(mg/g) 

MB 

removal 

(%) 

References 

Zeolite Commercial 18 11.21 95 [26] 

Zeolite Fly ash-based 9.6 0.225 82 [27] 

Zeolite Natural 72 3.25 - [28] 

Zeolite Commercial 25 8.67 98.22 [29] 

Zeolite Natural 11.35 23.50 - [30] 

Zeolite P1 Fly ash-based 50 9.12 ~100 [31] 

Zeolite X Synthetic 10 2.04 99 [32] 

Zeolite A Synthetic 15 0.0067 - [33] 

Zeolite X Synthetic 15 0.1543 - [33] 

Zeolite 
Bagasse-

based 
63.97 14.296 96 [34] 

ZSM-5 Synthetic 10 6.21 - [35] 

Zeolite Fly ash-based - 12.64 - [36] 

Zeolite A 
LD-slag-

based 
15 25.30 98.13 This study 

Zeolite X 
LD-slag-

based 
15 23.57 94.47 This study 
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Figure 3.10: (a) Isoelectric point, (b) effect of zeolite amount and (c) time on MB 

sorption, (d) adsorption capacity with respect to time of synthesized zeolites, (e) effect of 

MB initial concentration on % dye extraction and equilibrium sorption capacity. 
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Figure 3.11. pH effect on MB removal and adsorption capacity (a) for zeolite A and (b) for 

zeolite X. 

 

As depicted in Figures 3.11a and 3.11b, an increasing trend of adsorption capacity was 

observed immediately after the threshold pH, with maximal sorption capacity of 25.29 and 

22.50 mg/g (which are very close to obtained adsorption capacity, shown in Figure 3.10d) 

obtained at pH 8.5±0.5 for zeolite A and zeolite X sample, respectively. The positively 

charged adsorbent surface at lower pH results in the generation of more H+ ions to compete 

effectively with the cationic dye, thereby reducing the MB concentration. The adsorbent 

surface, on the other hand, will be negatively charged at higher pH (pH>pHzpc), which 

causes the electrostatic force of attraction of cationic dye to move towards the anionic sorbent 

surface, resulting in higher MB uptake capacity [37]. As seen in Figure 3.11, the amount of 

MB adsorbed is considerably reduced after pH 9, and a drastic reduction was observed at pH 

10.9 ~ 11, followed by a slight increase up to pH 12 by both the adsorbents. The reduction in 

MB adsorption capacity and MB removal at a pH range of 9-11, may be attributed to the 

increase in repulsive forces that exist between the functional groups present on the adsorbent 

surface and dye anions [25,26,28]. Mainly, MB and other cationic dyes dissociate into strong 

molecular cations (C+) and reduced CH+ ions upon dissolution in water, and as a 
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consequence, the adsorbent surface gets negatively charged at higher pH, and as such 

provides greater adsorption capacity [31,32]. 

It is apparent from the adsorption studies that zeolite A offers a significant adsorption 

capacity as compared to zeolite X. The possible reasons could be: (i) zeolite A exhibits a 

highly negative charge in water and as such the electrostatic attraction will favor the affinity 

of basic dye molecules towards the zeolite surface; (ii) the number of pores and its size may 

also influence the adsorption process. As zeolite A has a higher specific surface area than 

zeolite X, the number of pores will be more in zeolite A. In addition, the methylene blue and 

zeolite pore sizes are found to be 13.82 A° (1.382 nm) and 18.20-60 A° (1.82-6 nm), 

respectively. These values suggest that the dye molecules can be easily absorbed into the 

pores due to the high concentration gradient and active functional group present in the pores. 

3.5. Adsorption isotherm analysis 

Figure 3.12 illustrates MB adsorption equilibrium data at pH 8.5 (±0.2) and a temperature of 

25°C. Results achieved from the study revealed that slag-modified zeolites have a higher 

adsorption affinity towards methylene blue. To investigate the adsorption behavior, 

Langmuir, Freundlich, and Temkin isotherm models (Table 3.5) were employed. Table 

3.5 shows the associated parameters generated from the previous equations. The experimental 

findings are well in agreement with Langmuir model Figure 3.12 (R2>0.99) rather than other 

models for both synthesized adsorbents. The order of equilibrium adsorption models that best 

fit the experimental data was: Langmuir >Freundlich>Temkin. The Langmuir isotherm 

model, in which Ce (mg/L) and Qe (mg/g) represent adsorbate concentration and sorption 

capacity at equilibrium, respectively; whereas KL (L/mg) is equilibrium adsorption constant 

and Qm represents adsorption capacity in monolayer, expressed by (mg/g).  
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Figure 3.12: (a) Langmuir, (b) Freundlich, and (c) Temkin model plot for dye 

adsorption study onto synthesized zeolites. 

In the same way, Table 3.5 displays the Freundlich isotherm model, where Ce and Qe have the 

same meanings as mentioned before, and n and KF are empirical constants. At 298K with 

0.08 g prepared zeolites, the Langmuir monolayer sorption capacity was estimated to be 20 

and 25.44 mg/g, respectively. The separation factor with no dimensions (RL) is a crucial 

parameter in the Langmuir model [38,39], which may be described as follows: 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
            (3.3) 
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KL represents the Langmuir constant whereas C0 denotes the initial MB concentration. RL 

implies the isotherm’s character, such as (a) unfavourable when larger than 1 (b) if RL = 1, 

the result is linear (c) RL in a range of 0-1, indicates it is advantageous (d) when RL equals to 

zero (0), it is irreversible. 

In our current investigation, RL was determined to be in the 0 to 1.0 working range (0.085 and 

0.11, respectively, Table 3.5) of MB concentration, implying that MB adsorption onto the 

LD-slag modified zeolite A and X was favourable under the experimental circumstances. The 

Langmuir adsorption model also implies that each adsorbate molecule occupies just one 

active site on the surface of the adsorbent, therefore the highest sorption is associated with a 

saturated monolayer of adsorbate molecules on the active site of FAU-type zeolite X and 

zeolite A, respectively. 

The Freundlich isotherm model may be applied to more than only monolayer adsorption. 

Non-ideal heterogeneous sorption systems can be described using this approach. The 

presence of many functional groups on the adsorbent surface produces the non-ideal 

heterogeneous character of any system. The R2 value from the Freundlich isotherm model 

(Figure 3.12a) was recorded to be 0.89 and 0.84 for zeolite A and zeolite X, respectively, 

indicating that the curve is not well fitted. It also implies that there is no physisorption in this 

adsorption process. The derived 'n' values of 9.98 and 5.88 from the Freundlich model span 

from 1 to 10, indicating that the sorption process took place on active sites of the synthesized 

adsorbents [40–42]. In literature, similar isotherm results were obtained for various clay-dye 

systems [43,44]. 
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Table 3.5: Different isotherm variables for MB sorption at 298K over zeolite A and X 

originated from LD-slag. 

 

Values  

Parameters Langmuir isotherm model: 𝑸𝒆 =
𝑸𝒎𝑲𝑳𝑪𝒆

𝟏+𝑲𝑳𝑪𝒆
 

 Zeolite A Zeolite X  

Qm (mg/g) 20 25.40  

RL 0.085 0.11  

KL (L/mg) 0.70 0.52  

R2 0.996 0.993  

Parameters Freundlich isotherm model: 𝑸𝒆 = 𝑲𝑭𝑪𝒆

𝟏

𝒏 

KF (mg/g)(L/mg)1/n) 25.15 21.32  

n 9.99 5.88  

R2 0.89 0.84  

Parameters Temkin isotherm model: 𝑸𝒆 = 𝒂+𝒃𝒍𝒐𝒈𝑪𝒆
 

a (L/mg) 2.92 3.25  

b (J/Mol) 26.19 24.19  

R2 0.82 0.77  

 

The Temkin isotherm model is shown in Figure 3.12c. This isotherm's R2 values of 0.82 and 

0.77 indicate that the sorption isotherm was not solely a chemisorption model. 

When the R2 values for both the isotherm models from Table 3.5 are compared, it is clear that 

the Langmuir isotherm (R2 = 0.99) better fits the sorption data than the Freundlich and 

Temkin isotherm, indicating that the dye molecules are chemically adsorbed on the surface of 

extremely negative charged synthesized zeolites due to electrostatic force [45–47]. 

 

 

 

TH-3301_186152003



Chapter 3 

 

104 

 

3.6. Design of Adsorption model 

3.6.1. Adsorption Mechanism 

To comprehend the adsorption of methylene blue on synthesized zeolite type-A and X, some 

knowledge of the adsorption mechanism is required. In most cases, the adsorption process 

may be demonstrated in many steps: (i) diffusion of the target substance from the bulk 

solution to the sorbent surface-encircled film; (ii) diffusion through the film (film diffusion) 

to the adsorbent's exterior solid surface; (iii) pore diffusion or infiltration of the pores and (iv) 

The target material's sorption and desorption inside the solid surface and the pores [1]. Steps 

(i) and (ii) are crucial for the rate-determining of the sorption process because these two 

processes are the slowest. The other two, on the other hand, are quick steps. To assess the 

diffusion mechanism the Diffusion-Chemisorption model [1], Boyed model [1], and Weber–

Morris intraparticle diffusion [1] models were used. The details investigation of the said 

models is demonstrated in the subsequent section. 

3.6.2. Kinetic Data Analysis 

The MB adsorption rate, mass transfer, and equilibrium contact period for adsorption are the 

controlling mechanism in the adsorption kinetic study, which is shown in Figure 3.17. For 

MB adsorption on synthesized zeolite minerals, Table 3.6 gives the various kinetic 

parameters of pseudo-first and second-order, Diffusion-chemisorption, Webber-Morrison, 

and Boyd kinetic models. 

The kinetics of the methylene blue sorption process by A and X-type zeolite were examined 

using two empirical models: pseudo-first-order and pseudo-second-order. Where, K1 (1/min), 

and K2 (g (mg/min)) are rate constant, Qt (mg/g) and Qe (mg/g) denote the quantity of MB  
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Figure 3.13: Kinetics models (a) Pseudo-first-order (b) Pseudo-second-order (c) 

Diffusion-Chemisorption model (d) Webber-Morrison, and (e) Boyd model at (Initial 

MB concentration = 15 mg/L, Adsorbents dosage = 0.08 g, Contact period = 180 

minutes, Temperature = 25°C). 
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adsorbed at any time t (minute) and equilibrium state, respectively. From the liner plot (
𝑡

𝑄𝑡
) vs 

t (Figure 3.13b) and ln (𝑄𝑒 − 𝑄𝑡) vs t (Figure 3.13a) the kinetic variables of pseudo-second 

and pseudo-first-order models were estimated and enlisted in Table 3.6. 

Table 3.6: Different kinetics variables for MB sorption at 298K onto zeolite A and X 

prepared from LD-slag with an initial MB concentration of 15 mg/L. 

 

Values    

Parameters Pseudo-first-order kinetic equation: 𝑸𝒕 = 𝑸𝒆(𝟏 − 𝒆−𝒌𝟏𝒕) 

 Zeolite A Zeolite X  

Qe (mg/g) 9.18 8.83  

K1 (1/min) 0.002 0.005  

R2 0.91 0.88  

Parameters Pseudo-second-order kinetic model: 𝑸𝒕 =
𝑸𝒆

𝟐𝑲𝟐𝒕

(𝟏+𝑸𝒆𝑲𝟐𝒕)
 

Qe (mg/g) 9.18 8.83  

K2 (g/(mg min)) 0.114 0.104  

R2 0.999 0.996  

Parameters Diffusion-Chemisorption kinetic equation: 
𝒕𝟎.𝟓

𝑸𝒕
=

𝟏

𝑲𝟒
+

𝒕𝟎.𝟓

𝑸𝒆
 

Qe 9.18 8.83  

K4((mg/g) min0.5) 0.090 0.095  

R2 0.98 0.97  

Parameters Webber-Morrison kinetic equation: 𝑸𝒕 = 𝑲𝟑𝒕𝟎.𝟓 + 𝑪 

C (mg/g) 5.61 3.27  

K3((mg/g) min0.5) 0.301 0.406  

R2 0.99 0.98  

Parameters Boyd kinetic equation: 𝐥𝐨𝐠(𝟏 − 𝑭) =  − (
𝑲𝑹

𝟐.𝟑𝟎𝟑
) 𝒕 

KR 0.035 0.020  

Intercept 2.62 1.61  

R2 0.90 0.86  
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The higher correlation coefficients were found to be R2 = 0.999 and R2 = 0.996 for pseudo-

second-order rather than pseudo-first-order (R2 = 0.91 and R2 = 0.88) which refers that 

adsorption is controlled by chemisorption on the surface of zeolite A and X, respectively. 

Moreover, from Table 3.6 it is also clear that in the pseudo-second-order kinetic model, the 

sorption rate constant (K2) for zeolite A (0.114 (g (mg/min))) is a bit higher than zeolite X 

(0.104 (g (mg/min))), results suggest that rate of MB adsorption towards A-type zeolite is 

higher than X-type zeolite that may be due to highly negatively charge presence on A-type 

zeolite (surface charge: -52.60 mV) rather than zeolite type-X (surface charge: -43.90 mV) 

which resulting in a higher interaction between adsorbate and adsorbent surface in aqueous 

media [48,49]. 

Figure 3.13c depicts the diffusion-chemisorption model that has been used to explain the MB 

adsorption on heterogeneous adsorbents. All kinetic parameters of the diffusion-

chemisorption model are tabulated in Table 3.6. The R2 value of 0.98 and 0.97 for 

synthesized adsorbents reveals that adsorbate molecules penetrate the pore channel of 

prepared zeolites. However, the adhesion of MB molecules towards the adsorbent's surface 

due to electrostatic attraction might be the other possibility for diffusion-chemisorption [47]. 

Similarly, in Table 3.6 the Webber-Morrison model equation is given along with other 

parameters where K3 ((mg/g) min0.5) and C (mg/g) represent the rate constant and boundary 

layer thickness, respectively. The intraparticle-diffusion model graph is shown in Figure 

3.13d. From the plot, two distinct straight lines at different times were observed for both 

adsorbents, which in turn suggests that intraparticle diffusion does not fully control the 

adhesion of MB molecules. The first line segment was caused by intraparticle diffusion, 

whereas, the formation of the equilibrium phase was determined by the second line segment. 

In addition, the intercept of the graph did not pass through the origin (i.e. (0, 0) point), as 

shown in Figure 3.13d, signifying that the boundary layer impact cannot be ignored over 
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intraparticle diffusion [37,47]. Therefore, diffusion may occur in multistage during the 

sorption operation. 

In Boyd kinetic model (Table 3.6), F can be represented as F=  
𝑄𝑡

𝑄𝑒
 , where the significance of 

Qe and Qt have been discussed above. The model signifies that if a linear plot of Bt vs. t 

(minute) passes through the origin, the particle diffusion approach controls the adsorption 

process; otherwise, film diffusion can be regarded as a rate-determining phase for the process 

[2,50]. These results are consistent with the literature [22,51,52]. Figure 3.13e displays a plot 

of Bt and t (minute), which demonstrates that the line does not pass through the origin 

(intercept value in Table 3.6), implying that the process is regulated by film diffusion. 

3.7. Effect of Si/Al ratio on MB adsorption 

In the present study, contact time, pH, and zeolite dosage determine the MB adsorption in 

aqueous media. Many literatures have confirmed the influence of the Si/Al ratio (zeolite 

framework) on adsorption studies. It was also reported that zeolite with a low Si/Al ratio 

makes its surface hydrophilic, while a high Si/Al ratio causes the surface to be hydrophobic 

[53]. It was also demonstrated that zeolite with a low Si/Al ratio and high hydrophilicity 

exhibits greater interaction with the polar molecules (water in the present study). On the other 

hand, a high Si/Al ratio with high hydrophobicity displays weak interaction with the polar 

solvent, however, results in strong interaction with the non-polar molecules, e.g. volatile 

organic compounds (VOCs) [53]. Here, the Si/Al ratio was maintained at 1.009 and 1.486 for 

zeolite A and zeolite X samples, respectively (Figure 3.14). Hence, the zeolite A sample 

exhibits a strong interaction with cationic dye molecules present in water as compared to 

zeolite X. This resulted in a higher removal efficiency of zeolite A over zeolite X. A 

comparison study of LD-slag processed zeolite A and zeolite X is discussed in Table 3.7. 
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Figure 3.14: EDX analysis of (a) zeolite A and (b) zeolite X. 

Table 3.7: Comparison study of zeolite A and FAU-type zeolite X from LD-slag solid 

waste, modified by conventional fusion-assisted hydrothermal treatment. 

 

Analysis method Zeolite A Zeolite X 

XRD 

No drastic change in peak 

intensity was observed at pH 7 

and 12 but peak intensity 

changes occurred at pH 2. 

The same trend has been 

found for the Zeolite X 

sample. The reason may be 

due to decreasing Si/Al ratio 

in an acidic solution i.e. at 

pH 2. 

FTIR 

The weaker Si-O-Si bond at 558 

cm-1 for pH 7 and decreasing 

trend in hydrous metal oxides 

and flexion vibrational OH 

bond at 1400 and 1660 cm-1 at 

pH 2 and 7, respectively with 

treatment time, which can be 

assigned to the deformation of 

TiO4 network. However, no Si-

O-Si bond was noted at pH 2. 

At pH 2 it was noted that 

frequency bands were 

observed through all 

treatment times (1-3 days) 

in all pH conditions which 

confirmed the presence of 

all zeolite functional groups 

that indicate better stability 

than zeolite A. However, 

the absence of the Si-O-Si 

bond at pH 12 is associated 

with unit cell deformation in 

their structure, Figure 3.5f. 

FESEM 

Hydration of zeolite leads to 

shrinkage of their crystal lattice 

due to the dislodgement of 

aluminum from the zeolite 

framework [10] at low pH 

conditions, shown in Figure 

It is noticeable that more 

structural deformation, 

brittleness, irregular shape, 

surface rupture, and 

distortion occurred in pH 2, 

7, and 12, respectively 
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3.6a(i). It can be also 

considered that 

nonhomogeneous and irregular 

or asymmetrical zeolite crystal 

shape was found under basic 

conditions but uniform and 

cubical crystal has observed 

under neutral conditions, as 

shown in Figure 3.6c(i) and 

3.6b(i), respectively. 

which can be inferred from 

the weak Si and Al bond in 

the zeolite network or 

maybe reducing the Si/Al 

ratio that effect on zeolite 

structure, depicted in Figure 

3.6a(ii), b(ii), and c(ii). 

TGA-DTA 

The highest residual mass of 

89.55% was achieved in pH 7 at 

948.5°C. The order of residual 

mass in the zeolite A sample 

concerning different pH 

conditions at the relatively same 

temperature ~ 949°C was pH 

7>pH 12>pH 2 with a residual 

mass of 89.55%, 83.63%, 

79.98%, respectively, Figure 

3.8a-c. No exothermic has been 

observed in all pH conditions 

while corresponding 

endothermic peaks arrived at 

different temperature ranges. 

For the zeolite X sample, 

the order of residual mass at 

different pH was found in 

the sequence of pH 7>pH 

12>pH 2. The highest 

residual mass was 78.80% 

at 949.34°C. Only a single 

exothermic peak has been 

observed in the temperature 

range of 690-750°C at pH 

12. 

BET-surface area 

The obtained specific surface 

area for zeolite A was 27.61 

m2/g with both micro and 

mesoporous-type pores ranging 

from 2 to 4.22. The results can 

refer to the high pore volume 

present in the sample. 

For zeolite X the BET-

surface area was estimated 

to be 14.17 m2/g with only 

mesoporous type pores, 

ranging from 3.37 to 4.21. 

Surface charge 

The zeolite A sample shows a 

better surface charge of -52.60 

mV. 

For zeolite X the surface 

charge was found to be -

43.90 mV. 

Adsorption studies 

MB removal was found at 

98.13% with an adsorption 

capacity of 25.30 mg/g  over 

synthesized zeolite A. 

For synthesized zeolite X, 

MB removal was estimated 

to be 94.47% with an 

adsorption capacity of 23.57 

mg/g. 

 

3.8. Cost estimation for zeolite A and X preparation 

It is known that the effectiveness of any adsorbent can be determined by its surface properties 

and the cost involved during adsorbent preparation. The present study implies the synthesis, 
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physicochemical properties, and stability of LD-slag-based zeolite A and X. However, the 

methylene blue removal efficiency and sorption capacity of both the prepared adsorbents 

have also been examined to ensure their respective feasibility. Instead of commercially 

available zeolites, LD-slag solid waste was employed for the synthesis of zeolite A and X. In 

the present study, 5 g of LD-slag was taken which yielded 3.98 g of zeolite A and X, 

respectively. The cost of adsorbent preparation was estimated using the methods described by 

Mukherjee et al. [54] and is presented in Table 3.8. It can be seen that the production cost of 

zeolite A and zeolite X were found to be 8.74 USD and 8.72 USD, respectively which are in 

close proximity to one another. It was also estimated that the preparation of 100 g of zeolite 

A and zeolite X zeolite requires a fabrication cost of 8.95 USD and 8.93 USD, respectively. 

The cost estimation study showed that the production of zeolite A (8.74 USD) and zeolite X 

(8.72 USD) via conventional hydrothermal treatment has proved to be a cost-effective 

method as compared to the commercially available zeolite A (102.48 USD) and zeolite X 

(95.58 USD), respectively. Therefore, it was concluded that the synthesis of zeolite A and 

zeolite X utilizing steel industry by-products (LD-slag) results in the production of high-

value-added materials with low preparation costs. 
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Table 3.8: Cost estimation to synthesized zeolite type-A and X from solid LD-slag waste. 

 

Zeolite A Electric power consumption  

Sl. 

no. 

Materials 

used 

Weight 

taken 

Price 

(in INR) 

Instrument 

used 
unit 

Electric 

charge/Unit 

Price 

(in INR) 

1. LD-slag 5 g 0.00 

Muffle 

Furnace 
45.6 

 

5.96 

271.76 

Curing 14.4 83.44 

2. NaOH 7.5 g 4.42 Dryer 36 214.56 

3. 

0.1N 20 

mL HCl 

(37%) 

1.67 

mL 
0.74 HPMS 1.17 6.97 

4. 
Sodium 

aluminate 
1.05 g 3.16     

 (a)   

Total= 

8.32 INR 

 
(b) Total= 

576.73 INR 

Overall cost for zeolite A production = (a+b) = 585.05 INR;                                        

Overhead charge = 10% of overall cost = 0.1×585.05 = 58.505 INR 

Net cost for zeolite A production = Overall cost + Overhead charge = 

643.55 INR 

= 8.74 USD 

 

Zeolite X Electric power consumption  

Sl. 

no. 

Materials 

used 

Weight 

taken 

Price 

(in INR) 

Instrument 

used 
unit 

Electric 

charge/Unit 

Price 

(in INR) 

1. LD-slag 5 g 0.00 
Muffle 

Furnace 
45.6 

 

5.96 

271.76 

2. NaOH 7.5 g 4.42 Curing 14.4 83.44 

3. 
0.1N HCl 

(37%) 

1.67 

mL 
0.74 

Hot air 

oven 
36 214.56 

4. 
Sodium 

aluminate 
0.5 g 1.47 HPMS 1.17 6.97 

 (a)  

Total= 

6.63 INR 

 
(b) Total= 

576.73 INR 

Overall cost for zeolite X production = (a+b) = 583.36 INR;                                        

Overhead charge = 10% of overall cost = 0.1×583.36 = 58.336 INR 

Net cost for zeolite X production = Overall cost + Overhead charge = 

641.696 INR = 8.72 USD 

 

USD: United States Dollar; HPMS: Hot plate magnetic stirrer 
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Summary 

The zeolite-type A and faujasite-type zeolite X were prepared from steel industry LD-slag via 

fusion-facilitated hydrothermal treatment. Physico-chemical characteristics of both the zeolite 

samples were examined and it was found that zeolite A showed good thermal stability as 

compared to the zeolite X. The methylene blue adsorption study was conducted over the 

synthesized zeolites and results demonstrated that A-type zeolite exhibits better adsorption 

capacity than X-type zeolite. Overall, the utilization of waste LD-slag towards the zeolite like 

potential adsorbent synthesis may provide economic and environmental benefits.    
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Chapter 4 

Fabrication of LD-slag derived Zeolite Y coated 

Polysulfone (PSf) membrane for decontamination of 

groundwater 

 

 Content of this chapter has been submitted for publication as below: 

N. S. Samanta, Piyal Mondal, S. Dhara, Utpal Bora, M.K. Purkait, Fabrication of LD-slag derived Zeolite Y 

coated Polysulfone (PSf) membrane for decontamination of groundwater, Chemical Engg. J. 

Faujesite type zeolite Y was prepared via ultrasonic energy facilitated hydrothermal 

technique utilizing Linz-Donawitz (LD) process slag as a precursor material. The surface 

modification of the PSf membrane was conducted with the as-synthesized zeolite powder in 

the presence of N-methyl pyrrolidone (NMP) solvent and discussed in this chapter. The 

morphology and structure of the obtained membranes were examined by a field emission 

scanning electron microscope (FESEM). Chemical analysis and electronic configuration of 

the membrane surface were examined by X-ray photoelectron spectroscopy (XPS). The 

permeation performances of the membranes were evaluated in terms of pure water flux 

(PWF), while hydrophilicity was evaluated in terms of porosity, equilibrium water content 

(EWC), and static water contact angle. The modified PSf membrane was used to remove 

detrimental elements like fluoride (F-), manganese (Mn2+), and chromium (Cr6+) from the 

groundwater sample.  

4.1. Experimental 

4.1.1. Materials 

LD-slag used in this study was kindly provided by TATA Steel Industry Ltd., Jamshedpur, 

India. Hydrochloric acid (37%), sodium hydroxide pellets (98%), sodium aluminate 

(99.99%), sodium silicate (99%) for zeolite production, polysulfone (Mw =35000 g/mol) and 

1-Methyl-2-pyrrolidone (NMP) anhydrous (99.5%) was procured from Sigma Aldrich. Salts 

of different metal ions were purchased from Merck for preparation. 
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4.1.2. Synthesis of zeolite Y nanoparticles 

The Y-type zeolite synthesis experiment was conducted through a fusion-boosted 

hydrothermal process preceded by a sonochemical technique. The predetermined LD-slag 

was calcined and leached with 1M hydrochloric acid (HCl, 37%) to remove volatile and 

unwanted metal oxides before the fusion step. The synthesis experiment consisted of several 

steps. The acid-leached LD-slag and NaOH were mixed with a weight ratio of 1:1.2 and were 

ground by a mechanical mortar and further, the resultant mixture was heated for 1 hour at 

550°C. The obtained solid mass was again ground and the obtained powder was mixed with 

de-ionized water (1:10 w/v ratio) and stirred for 12 hours wherein sodium aluminate and 

sodium silicate powder were added sequentially to maintain the Si/Al ratio of synthesized 

zeolite. The resulting mixture was then placed in an ultra-sonication bath (240 W; 35 KHz) 

for 1 hour and then pour into a Teflon lid stainless steel hydrothermal reactor (100 mL). The 

reactor was then placed in a hot air oven at 100°C for 24 hours. The resultant viscous solution 

was then filtered until pH ~8 was attained. The mixture was then evaporated overnight at 

100°C to obtain the final product. The entire sonochemical preceded hydrothermal treatment 

for zeolite synthesis is depicted in Figure 4.1a.  

4.1.3. Zeolite-coated membrane fabrication 

Figure 4.1b depicts a step-by-step synthesis route for the synthesis of zeolite Y-coated 

nanolayered PSf membrane. As is shown in Figure 4.1b, a known quantity of zeolite 

nanopowder was mixed with NMP to get the desired solution and then sonicated for 30 

minutes. The substrate polymer matrix (PSf) was pulled off on a glass plate using a glass rod 

and the zeolite-NMP solution was then sprayed over the film surface homogeneously. 

Thereafter, the resultant thin film matrix was kept at room temperature for 5 minutes and then 

placed in a hot air oven at 60°C for 30-45 minutes. The obtained zeolite-coated polymer 
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matrix is then dipped into the de-ionized (DI) water (non-solvent) bath to obtain the final 

zeolite Y-coated nano-layered PSf membrane.  

 

 

 

(a) 
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Figure 4.1: (a) Steps involved in the fabrication of zeolite and (b) zeolite-coated PSf 

membrane. 

 

4.1.4. Zeolite Y and spray-coated membranes characterization 

X-ray diffraction (XRD) analysis of prepared zeolite and membrane samples was conducted 

by the Bruker D8 Advance model. Scanning was done in continuous mode with a 2θ range of 

10 to 60° and a speed of 0.05°/sec. The XRD profiles were obtained using Cu Kα = 0.15406 

nm radiation. The X-ray source was set to work at 40 kV and 5 mA. 

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) analysis of 

the ZNPs and membranes was conducted employing PerkinElmer Spectrum Two instrument. 

An infrared (IR) source made of ceramic is included with the device. The instrument's 

scanning range was from 400 to 4000 cm-1, and its highest resolution was 0.5 cm-1. 

(b) 
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Field emission scanning electron microscopy (FESEM) was performed for determining the 

morphological analysis of the filler particles as well as MMMs. FESEM (ZESIS, Model 1430 

VP) instrument was used to examine the materials' internal and exterior surface morphology. 

The treated samples were dried in a hot air oven between 70 to 80°C before analysis, and gold 

plating was applied to their surfaces. The Energy Dispersive X-ray (EDX) microscopic 

analysis was employed for chemical characterization/elemental study. 

X-ray photoelectron spectroscopy (XPS) analysis of synthesized zeolite and composite 

membranes was carried out by RBD upgraded PHI-5000 Versa Probe III system 

(PerkinElmer) utilizing a monochromatic Al K-alpha x-ray source at pass energy of 55 eV. 

Agilent, Model 5500 series equipped with Nanoscope IIIa controller was used in atomic force 

microscopy (AFM) to examine surface roughness values, topography as well as phase 

pictures. The characteristics of the film surface were assessed using phase-imaging and 

tapping modes. AFM images were used to assess the samples' root-mean-square roughness 

values. A frequency of 1.0 Hz and 256 scan lines per picture were used to take the height 

(topography) and phase images, respectively. Using the Gwyddion software, surface 

roughness images were captured. 

The fluoride concentration in the aqueous solutions was measured using a fluoride meter 

(Model: Thermo Orion STAR A214). 

An atomic adsorption spectrophotometer (AAS; Netherland; Varian; Spectra AA 220 FS) 

was used to detect and measure the concentration of heavy metals present in synthetic and 

groundwater samples. 

The ion concentration like phosphate, sulphate, chloride, and nitrate was analyzed by ion 

meter (Make: Thermo Fisher Scientific, Model: Orion Star A214). 
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A thermal stability investigation of the synthesized membranes was performed using a TGA 

instrument (Make: NETZSCH, Model: TG209 F1). DSC/TG pan Al2O3 crucible was utilized. 

As an inert gas, argon was used at a flow rate of 20 mL/minute. With a heating rate of 

10°C/minute, the analytical temperature was set between 25 and 900°C. 

Static water contact angle measurement was applied to assess the membranes' hydrophilicity 

employing a digital camera (Nikkon Coolpix power shot at 7X optical zoom). Droplets of 

deionized water were put on membrane surfaces, and the contact angle between the water and 

membrane was monitored repeatedly until no change was observed. At least five 

measurements were carried out at various locations on the membrane matrix to verify the 

consistency of the results of the contact angle value. The tests were performed at ambient 

temperature. 

The tensile strength of all prepared membrane samples was analyzed by a tensile testing 

instrument with a stretching rate of 2 mm/minute and a 5 KN load cell at an ambient 

atmosphere (25°C). 

Using the gravimetric approach, the total porosity (ε) of the zeolite-coated composite 

membranes was determined using the following equation [1]: 

ε =
𝜔1− 𝜔2

𝐴×𝑑𝑤×𝑙
× 100%                   (4.1) 

ω1 and ω2 are the weights of the wet and dry membrane, respectively, A is the area of 

membrane (m2), where l defines the membrane thickness, and dw is the density of water 

(0.998 g/cm3). To ensure that all of the membranes' pores are filled before measuring 

porosity, a portion of the membranes with a defined area must first be submerged in distilled 

water for at least 12 hours. After that, water on the membrane surface has been carefully 

wiped off and the sample was weighed. Following that, the samples are weighed again after 

being heated in an oven for 2 hours at 60°C to remove excess water from membrane pores. 

TH-3301_186152003



Chapter 4 
 

129 

 

The porosity of all prepared membranes was recorded to find out the mean pore radius (rm) 

using Guerout–Elford–Ferry formula, as follows [1]: 

Pore radious (rm) = √
(2.9−1.75𝜀)×8𝜂𝑙𝑄

𝜀×𝐴×∆𝑃
                 (4.2) 

Where l is the thickness of membranes, Q is the water flux (m3/s), ∆P is the operation 

pressure (1.37 bar), and η is the viscosity of water (8.9 ×10-4 Pa s). 

The EWC of all prepared membranes was estimated according to equation (4.3): 

𝐸𝑊𝐶 =  
𝑚𝑤−𝑚𝑑

𝑚𝑤
× 100                  (4.3) 

A membrane sample was first immersed in distilled water for 24 hours and then weight was 

marked as mw. The membrane specimen was then evaporated at 60°C overnight and 

measured which is defined by md. For every sample, three measurements were taken, with a 

mean and corresponding standard deviation. The EWC value of the membrane does not 

signify the hydrophobicity or hydrophilicity of the membrane rather than indicates the 

amount of water withheld in the membrane pore, therefore it correlates with only the porosity 

of the membrane. The EWC increases when the porosity of the membrane enhances. 

4.2. Permeation studies 

4.2.1. Ultrafiltration test equipment 

The permeation chamber used in this experiment is schematically depicted in Figure 4.2. The 

membrane was placed in a dead-end cell having an effective area of 22.89 cm2. The feed 

fluoride solution was injected into the cylindrical container, and N2 gas was pressurized to 

pass the feed solution through the membrane. The amount of permeation was measured at a 

time interval of every 10 minutes at room temperature. The transmembrane pressure (TMP) 

was maintained at 1.37 bar (20 psi) and the fluoride concentration was fixed at 5 ppm to 
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assess the experimental results. The steady-state water flux was obtained after 60 minutes of 

operation and the initial water flux of every membrane was calculated as follows: 

𝐽 =  
𝑄

𝐴 × ∆𝑡
                     (4.4) 

In this equation, J represents water flux (L/m2h), Q is the volume of water, A and ∆t are the 

area of membrane (m2) and working time (h), respectively. 

4.2.2. Flux recovery and antifouling performance of the prepared 

membrane 

Membrane fouling is a physical phenomenon that occurred during membrane filtration and 

inhibits the membrane flux. Initially, the flux measurement was conducted with the deionized 

water (DI-water), and then with the groundwater sample. After the filtration the used 

membrane was washed with DI-water by rinsing three to four times and placed into the 

membrane holder to measure pure DI-water flux. The following equations (equation 4.5-4.8) 

calculated the flux recovery ratio (FRR) and the degree of the total flux losses due to overall 

fouling (Rt). 

𝐹𝑅𝑅 (%) = (
𝐽𝑤2

𝐽𝑊
) × 100                  (4.5) 

𝑅𝑡 (%) = (1 −
𝐽𝑤1

𝐽𝑤
) × 100                  (4.6) 

𝑅𝑟 (%) = (1 −
𝐽𝑤2

𝐽𝑤
) × 100                  (4.7) 

𝑅𝑖𝑟 (%) = (𝑅𝑡 − 𝑅𝑟)                   (4.8) 

Where Jw1 is the pure water flux of the membrane after the ultrafiltration test of the 

contaminated groundwater sample at a particular transmembrane pressure of 1.37 bar, and Jw2 

is the water flux of the clean membrane after fouling at the same pressure. Jw is the pure 
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water flux (L/m2h) of clean water. Rr and Rir denote the reversible and irreversible fouling 

ratios, respectively. 

The F- rejection percentage was measured by equation 4.9 which is given below: 

𝑅 (%) = (1 −
𝐶𝑃

𝐶𝐹
) × 100                  (4.9) 

Where CP and CF represent the F- concentration in permeate and feed, respectively. A 

chromium and manganese adsorption isotherm study was conducted using a surface-coated 

membrane as an adsorbent to examine the surface properties and phenomena occurring at the 

interface. The Cr6+ and Mn2+ removal was estimated by equation 4.9. 

 

Figure 4.2: Schematic diagram of fluoride rejection and other contaminants removal 

dead-end ultrafiltration set-up. 
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4.3. Results and discussion 

4.3.1. Characterization of zeolite Y 

4.3.1.1. X-ray Diffraction Analysis 

Figure 4.3 (a) depicts that the crystal planes in LD-slag mainly show peaks at 2θ = 18.046°, 

29.46°, 34.14°, 39.37°, 42.10°, 47.11°, and 48.50° which attributes to the presence of iron, 

silicon oxide, coesite (SiO2), brown millerite, calcite, merwinite, and calcium iron-

molybdenum oxide. Figure 4.3 (a) shows more intense peak diffracted at 2θ = 6.2° (1 1 1), 

10.11° (2 2 0), 11.88° (3 1 1), 18.6° (5 1 1), 20.31° (4 4 0), 23.64° (5 3 3), 27.00° (6 4 2), 

30.7° (8 2 2), 32.43° (8 4 0), 34.46° (9 3 1), 39.99° (4 3 2), 45.26° (12 2 2), which attributes 

to zeolite Y and further, the peaks well matched with the JCPDS card no 039-1380 [2], which 

is provided in Figure 4.4. 

4.3.1.2. ATR-FTIR analysis 

ATR-FTIR spectrum of untreated LD-slag and synthesized zeolite sample has been depicted 

in Figure 4.3 (b). Peaks exhibited at a wavelength of 513 and 908 cm-1 corresponding 

portlandite (Ca(OH)2) and periclase (MgO) [3] functional groups of LD-slag, meanwhile 

functional groups containing Al-O, Si-O, and T-O groups, which reveals the successful 

formation of zeolite Y [4]. The peak that appeared at 567 and 719 cm-1 are attributed to the 

bending and symmetric stretching vibrations of Si-O or Al-O bonds, respectively [4]. 

Moreover, the vibrational band appeared at 998 cm-1 is due to the presence of asymmetric 

vibrations of the Al-O groups [4–6]. The peak at 1645 cm-1 is assigned to the bending 

vibration of water molecules located at the zeolite cage [5,7]. Peak arrived within 457-462 

cm-1 representing buckling vibration of the O-Si-O or Si-O-Si group in the zeolite cage [2]. 

Only a peak at 694 cm-1 is ascribed to the internal tetrahedral symmetric stretching mode in 

the zeolite network [8]. The large band exhibited at 3448 cm-1 as a result of O-H stretching 
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vibration of the hydroxyl group [9] and hydrogen-bonded silanol groups [10,11]. The 

aforesaid vibration peaks all verify the successful preparation of zeolite Y using LD-slag as 

precursor material. 

4.3.1.3. XPS analysis 

The surface elements and bonding interactions were obtained using X-ray photoelectron 

spectroscopy (XPS). Figure 4.3c represents the XPS results obtained for the synthesized Y-

type zeolite nanoparticles. The full scan of the zeolite Y sample is depicted in Figure 4.3c. 

The XPS binding energy of Si 2p and Al 2p in the same sample is shown in Figures 4.3d and 

4.3e, respectively. After a Shirley background adjustment, all XPS spectra were fitted [12]. 

As shown in Figure 4.3c, the intensive peak observed at a binding energy of 530.35 eV is 

attributed to the presence of O 1s, meanwhile, a peak near 1073 eV ascribed the presence of 

Na 1s in sodium-enriched zeolite Y mineral [13]. The XPS signals at 101.75 and 153.0 eV 

are ascribed to Si 2p1/2 and Si 2s3/2 states of Si (IV) [13], as shown in Figure 4.3d. Similarly, 

the oxidized state of Al (III) has appeared at XPS binding energy of 74.5 and 118.0 eV which 

corresponds to Al 2p3/2 and Al 2s1/2 [13], respectively, as depicted in Figure 4.3e. Figure 

4.3c exhibits that the generated sample has significantly positive shifted binding energy 

values, implying that O, Na, Si, and Al are not present as discrete oxides but as a single oxide 

constituent. The atomic weight percent of Si and Al in the zeolite Y network is enlisted in 

Table 4.1. 

   Table 4.1: XPS analysis of zeolite Y. 

 

Component Si Al 

Atomic wt.% 65.83 34.17 
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Figure 4.3: (a) XRD, (b) FTIR, (c) XPS spectra for zeolite Y, (d) and (e) Si-2p and Al-2p 

XPS binding energies of SiO2 and Al2O3, (f)-(i) FESEM, (j) FETEM analysis and (k) 

SAED pattern of synthesized zeolite mineral. 

4.3.1.4. FESEM and FETEM analysis of zeolite nanocrystals 

The surface morphology of the synthetic zeolite was examined to confirm the surface 

characteristics. Figure 4.3f-i represents the surface morphology of the LD-slag-modified 

zeolite Y. As is shown in Figure 4.3f, irregular angular-shaped zeolite Y was formed and the 

result is in good agreement with the XRD result (Figure 4.3a) [14]. The agglomerated, nano-

seeds, and non-uniform structure of zeolite Y crystal was observed with an average particle 

size of 59.07 nm, as displayed in Figure 4.3g (inset). Figure 4.3h exhibits the octahedral 

shape of zeolite nanopowder, along with grooves and abrasions features were also obtained as 

shown in Figure 4.3i [15]. 
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Figure 4.4: Standard XRD peaks of pure faujasite type zeolite Y (JCPDS No- 039-1380). 
 

The results obtained from FESEM analysis confirmed that the presence of other elements in 

waste LD-slag inhibits zeolite formation as well as the transformation of zeolite crystals. 

In order to identify the crystal structure and crystalline plane as well as the nature of zeolite 

particles the FETEM and SAED patterns were conducted and the results are depicted in 

Figure 4.3j and 4.3k, respectively. Agglomerated and irregular forms of zeolite NPs were 

seen, as shown in Figure 4.3j. Figure 4.3k displays the selected area electron diffraction 

(SAED) pattern where polycrystalline rings are observed. In addition to that, crystalline 

planes (1 1 1) and (2 2 0) were also detected in the SAED pattern which was in good 

agreement with the XRD result (Figure 4.3a). The elemental mapping was recorded to 
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identify the Si and Al distribution of the prepared zeolite type-Y sample, as shown in Figure 

4.5. 

   

       

 

 
 

 
 

Figure 4.5: Elemental mapping by FETEM of Y-type zeolite synthesized by ultrasonic 

energy facilitated hydrothermal treatment (a) Electron image, (b) Si distribution, and 

(c) Al distribution. 

 

4.4. Optimization of the membrane synthesis 

For synthesizing defect-free PSf nanolayered coated membrane, the following factors were 

considered such as zeolite concentration, drying time, and the impact of drying temperature. 

The membrane surface was coated using various weights (%) of zeolite Y (0.01, 0.1, 1, and 2 

(a) (b) 

(c) 
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wt.%, respectively). It was found that zeolite concentration beyond 1 wt.% constrained the 

ZNPs from being evenly distributed, which further prevents the layer formation on the 

polymer matrix and wreck the membrane fabrication. Hence, three different zeolite weights 

(%) were considered (0.01, 0.1, and 1 wt.%) for preparing the surface-modified membrane. 

The drying temperature and time optimization study was conducted utilizing the highest 

zeolite-wt (%) membrane. Four different drying temperature (20, 40, 60, and 80°C) was set 

for 30 minutes to find the optimized temperature for synthesis. The FESEM analysis clearly 

showed that at the lower temperature altostratus cloud and asymmetrical membrane surface 

were observed (Figure 4.6a and 4.6b, respectively) which might be due to less interaction 

between zeolite-NMP mixtures with polymeric gel substrate. The symmetrical flat sheet 

membrane was obtained when the temperature was set at 60°C (Figure 4.6c). It was also 

noted that beyond 60°C, the membrane surface got cracked (Figure 4.6d), which is 

presumably due to the vaporization of NMP solvent at 80°C and the leaching of non-

vaporized solvent during phase inversion. The results revealed that 60°C is the acceptable 

temperature for membrane fabrication. 

Figure 4.6e-h shows the membrane fabrication with optimized temperature with different 

drying times to optimize the membrane drying time. Huge membrane swelling, membrane 

disintegration, and uneven membrane surface were observed, according to Figures 4.6i and 

4.6j. The defect-free membrane was produced after 45 minutes of drying time (Figure 4.6k).  
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Effect of drying temperature Effect of drying time 

   

   

   

   

 

Figure 4.6: (a)-(d) membrane synthesized at different temperatures, (e)-(h) obtained 

membrane for various synthesis times at constant temperature i.e., 60°C, (i)-(l), and 

(m)-(p) their corresponding surface morphology. 
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On the other hand, a perforated membrane was seen after 70 minutes of drying time. This 

type of problem can lead to the degradation of membrane performance. 

4.5. Membrane characterization 

4.5.1. X-ray Diffraction Analysis 

Figure 4.7a depicts the X-ray diffraction pattern of the resulting neat PSf and Zeolite Y-

coated membranes. The amorphous structure of the PSf membrane is indicated by a large 

peak that was reached at 2θ = 17.69° [16]. The characteristic diffraction peak of zeolite at 2θ 

= 6.8° and 45.28° is attributed to the presence of (1 1 1) and (7 7 7) crystalline plane of 

faujasite type zeolite Y. The average interchain distance (d-spacing) of the membranes was 

measured using Bragg's equation (nλ = 2dSinθ, where λ and θ denote the X-ray wavelength 

and diffraction angle, respectively), and the values are reported in Table 4.2. It was seen from 

Table 4.2 that the peak position and d-spacing value (except PSf/zeolite-0.01wt.%) of the 

spray-coated membrane were displaced to a higher angle, revealing the internal electrostatic 

repulsion of the Y-type zeolite and polymer [17]. 

Table 4.2: Calculation of d-spacing value for as-synthesized zeolite-coated thin film 

matrix. 

 

Membrane sample Diffraction angle (2θ) FWHM (°) d-spacing (nm) 

Neat PSf 17.69 10.17 0.140 

PSf/Zeolite-0.01wt.% 23.11 6.29 0.09 

PSf/Zeolite-0.1wt.% 18.03 8.3 0.193 

PSf/Zeolite-1wt.% 18.13 7.16 0.218 
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4.5.2. ATR-FTIR Study of prepared membranes 

The interaction between the polymer matrix and nanofiller was investigated using Fourier 

transform infrared spectroscopy. Figure 4.7b depicts the ATR-FTIR spectrum of pure PSf and 

zeolite encapsulated thin film. The results of the obtained functional groups are shown in 

Table 4.3.  

 

 

 

 
 

 

 

 
 

 

 

 

Figure 4.7: (a) XRD pattern, (b) FTIR spectrum, (c) contact angle, and (d) TGA 

analysis of neat PSf, PSf/zeolite-0.01wt.%, PSf/zeolite-0.1wt.%, and PSf/zeolite-1wt.% 

membrane sample, respectively. 
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Two prominent absorption spectra were detected at 1494 cm-1 and 1585 cm-1 wavelengths 

implying aromatic vibrational bonding of C=C in the polysulfone group. The strong 

vibrational bonding of O=S=O in the polysulfone structure was observed at 1147 cm-1 [18]. 

Furthermore, the C-O-C vibrational bond in the ether group was detected at 1241 cm-1. The 

absorption band at 1014 cm-1 represents the asymmetric stretching of the C-O group [18]. 

The aromatic and aliphatic C-H stretching vibration in the polysulfone group was found at 

2971 and 3060 cm-1, respectively [19]. The band at 833 cm-1 was denoted to the C-H bending 

vibration. At 694 and 462 cm-1 the absorption bands represent the symmetric stretching of the 

TO4 (T=Si and Al) in the zeolite framework which confirms that AlO4 and SiO4 are linked 

together [20] in the polymer matrix. The ATR-FTIR spectra of zeolite-incorporated 

polymeric membranes were comparable to that of pure PSf, with no band shifting or 

formation of new bands, revealing that there was no chemical interaction between PSf and 

nanoscale zeolite Y [21]. 

Table 4.3: Functional groups in the surface-coated synthesized membrane. 

 

Frequency range (cm-1) Functional group 

2971, 3060 C-H stretching vibration 

1494, 1585 Vibrational bonding of C=C in polysulfone 

1241 Vibrational bond of C-O-C in ether group 

1147 Vibrational bonding of O=S=O in PSf group 

1014 C-O 

833 C-H bending 

694, 462 Internal tetrahedral of zeolite framework 
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4.5.3. Static water contact angle 

The hydrophilicity capability of the polymer substrate was quantified as contact angle (θ) 

based on the degree of interaction of droplets of water on the membrane surface (wettability) 

at the interface. The hydrophilicity and hydrophobicity were considered when the contact 

angle is close to 0° and 90° or higher, respectively. It can be observed that as the zeolite 

concentration increased, the static contact angle of the neat PSf membrane (77.8°) decreased 

(Figure 4.7c). The intrinsic hydrophobicity of PSf polymer causes the lowest hydrophilicity 

of fresh PSf membrane [22]. The highest contact angle decrease was found at 51.5° with 

1wt.% zeolite Y concentration. It is well known that the membrane hydrophilicity increased 

when the contact angle is decreased. The spontaneous liquid penetration into the pores, 

results in a decrease of contact angle. A decreasing trend of contact angle was noted (Figure 

4.7c) while zeolite loading was increased from 0.01 to 1wt.%. This implies that the 

hydrophilicity of the membrane has enhanced due to the presence of hydroxyl groups on the 

membrane surface, which was induced by the zeolite mineral [22]. 

The above study reveals that zeolite Y-coated PSf membrane exhibits higher hydrophilicity 

compared to neat PSf, the reason is presumably due to the high aluminum content in the 

zeolite network [22]. It is also known that when the Si/Al ratio reaches 10, the zeolite 

becomes hydrophobic [23]. In this present study, Si/Al ratio was maintained at less than 2, 

and the zeolite could be noted as hydrophilic. 

4.5.4. TGA analysis 

The thermogravimetric analysis (TGA) results of all fabricated membranes and zeolite NPs 

(at inset) have been provided in Figure 4.7d. The weight loss of 66, 69, 68, and 58.5 wt.% 

was estimated for neat and zeolite-assembled PSf membranes. The mass loss of modified 

membranes occurred in the four stages phenomenon, as illustrated in Figure 4.7d. Stage 1 
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indicates the presence of residue solvent and removal of adsorbed water from the precursor 

which is occurred at below 200°C [24]. The thermal rearrangement of the as-synthesized 

membrane is observed in stage 2, meanwhile, the third stage denotes the initial 

decomposition of the polymer substrate towards the creation of the zeolite membrane. A 

sudden weight drop of approximately 6.5% from their original weight occurred at 436.21°C. 

It was also seen from Figure 4.7d that the lowest mass loss (~58.5 wt.%) observed for 

PSf/Zeolite-1wt.% membrane at the highest temperature as compared to other synthesized 

membranes, indicating the less possibility of melting when exposed at high temperature (heat 

treatment process). The reason is due to the presence of thermally stable silica and alumina in 

the zeolite framework. At high temperatures, long-chain polymer gets disintegrated and chain 

separation occurs which reacts with one another, and alters the polymer characteristics, 

contributing to high extraction efficiency [25]. It was also noted that ~5wt.% weight loss 

occurred for all the fabricated membranes in the range of 613 to 800°C. 

4.5.5. XPS analysis 

XPS was used in order to confirm the chemical compositions of the membrane surfaces, and 

the findings are given in Figure 4.8 and Table 4.4. The XPS C 1s core-level spectrum of all 

synthetic membranes has been shown in Figure 4.8b. For the nascent PSf membrane it was 

observed that the C 1s spectrum was curved-fitted into three peaks with binding energies 

(BEs) at 284.76, 285.29, and 286.03 eV, which were ascribed to C-H, C-N, and C-O, 

respectively. However, the following peaks were shifted for zeolite-coated membranes (Table 

4.4). The XPS N 1s spectrum (Figure 4.8c) was curved-fitted into two peaks with the BEs at 

399.92 and 400.3 eV, which were attributed to (C)-N=, and N-, respectively [26]. The 

deconvolution O 1s (532.27 and 533.7 eV) showed the O=S=O and O-C-O chemical bonding 

(Figure 4.8d) for neat PSf membrane [27]. The existing peaks were varied for all modified 
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membranes, as shown in Figure 4.8 and Table 4.4. Additionally, XPS Si 2P and Al 2p spectra 

were found at 102.31-101.93 eV and 74.41-74.45 eV, which is evident in the incorporation of 

zeolite nanoparticles on the modified membrane surfaces (Table 4.4). 

4.5.6. Morphology analysis of neat and surface-coated PSf membranes 

The surface and cross-sectional morphology of pure PSf and zeolite Y nanofiller-coated PSf 

membrane was examined by FESEM, as depicted in Figure 4.9. Figure 4.9a, c, e, and g 

represents the surface morphology of neat PSf, PSf/Zeolite-0.01wt.%, PSf/Zeolite-0.1wt.%, 

and PSf/Zeolite-1wt.% membrane, respectively. All of the images show a typical porous and 

uneven membrane structure with a dense top layer and a porous sub-layer. A porous PSf 

membrane with an average pore size of 11.80 nm is shown in Figure 4.9a inset. The 

accumulation of zeolite NPs at 0.1wt.% concentration was observed in Figure 4.9e. The 

surface characterization of all zeolite powder-coated membranes reveals the presence of 

zeolite particles on the surface of the PSf substrate. It was observed that zeolite particles are 

visible in the polymer matrix and tend to form aggregate at higher zeolite NPs concentrations 

(Figure 4.9g). Therefore, the fabrication of a nanoparticle-coated uniform polymer matrix is 

very crucial. 
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                                          Binding energy (eV)  

Figure 4.8: XPS survey spectra of prepared membranes: (a) wide scan, (b) C 1s core electron spectra, (c) N 1s spectra, (d) O 1s core electron 

spectra of all prepared membranes, (e) Si 2p core level spectra and (f) Al 2p core level spectra of zeolite modified PSf membrane. 

(b) (c) (d) (e) (f) 
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Table 4.4: XPS binding energies (eV) for all synthesized membranes. 

 

Spectra 
Functional 

Group 
Membrane sample 

  
Neat PSf 

BEs (eV) 

PSf/Zeolite-

0.01wt.% 

BEs (eV) 

PSf/Zeolite-

0.1wt.% 

BEs (eV) 

PSf/Zeolite-

1wt.% 

BEs (eV) 

C 1s C-H 284.76 284.75 284.71 284.65 

 C-N 285.29 285.33 285.15 285.05 

 C-O 286.03 285.93 286.02 286.18 

N 1s (C)-N= 399.92 399.91 399.87 399.87 

 N- 400.3 399.92 400.62 400.62 

O 1s O=S=O/OH- 532.27 531.86 531.86 531.90 

 O-C-O 533.7 533.37 533.48 533.42 

Si 2p  - 102.31 102.45 
101.93, 

102.77 

Al 2p  -   74.41 74.41 74.45 

 

Figures 4.9b, d, f, and h represent the cross-sectional morphology of all the fabricated 

membranes. For the PSf membrane, a large finger-like structure (Figure 4.9b) was observed 

which was attributed due to high affinity between solvent (NMP) and non-solvent (water) and 

sudden demixing during phase separation. Moreover, the finger-like structure turns into a 

honeycomb even porous structures for zeolite-coated PSf membranes. This is because of the 

thermal treatment of membranes before phase inversion. As the solvent gets evaporated 

during thermal treatment, it creates more void spaces and leads to the formation of a 

honeycomb-like porous structure. It was also seen that membrane thickness increased with 

zeolite concentration as compared to the pure PSf membrane which was attributed to the 

zeolite layer formation on the membrane surface. 
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Table 4.5 shows the porosity, equilibrium water content, and mean pore radius of all prepared 

membranes. The membrane porosity for neat PSf was found to be 46.09%, whereas, for 

zeolite-coated membrane, this value was within the range of 51.49% and 56.77%. The 

increment order of the fabricated membrane thickness was observed with zeolite 

concentration (Table 4.5 and Figure 4.9b, d, f, and h), indicating the existence of a zeolite-

NMP layer on the membrane surface. It was noted that the porosity of all surface-coated 

membranes enhances as compared with unmodified membranes due to faster precipitation 

and exchange of solvent/non-solvent with the addition of nanoparticles [28]. On the other 

hand, faster demixing is also induced by the hydrophilic nature of nanopowder which leads to 

large pore size (Table 4.5) formation in the membrane. As represented in Table 4.5, the EWC 

value increased with membrane porosity and it was also stated that with higher zeolite 

concentration, the membrane porosity diminishes which reduces the EWC [22]. 

Table 4.5: Porosity, equilibrium water content, and mean pore radius of unmodified 

and surface-coated membrane matrix.  

 

Membrane 

sample 

Membrane 

thickness (µm) 

Porosity 

(%) 

EWC 

(%) 

Mean pore radius, r 

(nm) 

Neat PSf 121 46.09 6.46 2.66 

PSf/Zeolite-0.01wt 

% 
156.7 53.07 8.73 3.71 

PSf/Zeolite-0.1wt 

% 
187 51.49 8.14 5.09 

PSf/Zeolite-1wt % 256 56.77 11.73 7.50 
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Figure 4.9: Surface (a, c, e, and g) and cross-sectional (b, d, f, and h) morphology of neat 

PSf and surface-coated membranes with different zeolite concentrations. 
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4.5.7. Atomic force microscopy (AFM) study 

Figure 4.10 shows the topographical pictures of neat PSf and zeolite-coated thin film 

membrane which was fabricated through heat treatment followed by phase inversion 

technique. The peak-to-peak and/or valley-to-valley presented by ups and downs indicate the 

surface roughness of the composite membranes. The obtained Rq (RMS) and Ra values for 

all zeolite spray-coated membranes and pure PSf matrix are enlisted in Table 4.6. It shows 

that for pure PSf membrane, the root mean square roughness Rq (RMS) and average 

roughness (Ra) was found to be 2.76±0.48 and 2.24±0.4 nm, respectively. Table 4.6 also 

shows the surface roughness of other membranes which reveals that the Ra value of all 

modified membranes increased with zeolite concentration, which was in good agreement with 

the FESEM data. 

Table 4.6 exhibits the zeta potential value for all fabricated membrane samples. The zeta 

potential of all membranes was obtained at pH 7.2. The sulfonic group present in the 

membrane had a significant effect on the membrane's negative charge and alters the zeta 

potential value from -19.8 mV to -20.6, -22.7, and -28.1 mV (Figure 4.11) in the presence of 

0.01, 0.1, and 1 wt.% zeolite NPs, respectively. In other words, it can be anticipated that, at 

higher negatively charged zeolite (imposed by trivalent atoms like aluminium, in tetrahedral 

coordination of zeolite network [29]) concentration, the zeta value of the membranes will 

increase. Notably, the zeta value for prepared Y-type zeolite was found to be -64.5 mV 

(Figure 4.11). 

 

TH-3301_186152003



Chapter 4 
 

153 

 

 

 

 

 
 

 

 

 
 

 

 

 

  

 

Figure 4.10: Three-dimensional and surface images of atomic force microscopy (AFM) 

for surface roughness analysis of prepared membranes. 
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Figure 4.11: Zeta potential of (a) Neat PSf, (b) PSf/Zeolite-0.01wt.%, (c) PSf/Zeolite-

0.1wt.%, (d) PSf/Zeolite-1wt.%, membrane, (e) fluoride ion and (f) prepared faujasite 

type zeolite Y. 
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Table 4.6: Surface roughness and zeta potential values of all synthesized membranes. 

 

Membrane sample Surface roughness Zeta potential (mV) 

 Rq (RMS) (nm) Ra (nm)  

Pure PSf 2.76±0.48 2.24±0.41 -19.8 

PSf/Zeolite-0.01wt.% 4.017±1.34 3.09±0.76 -20.6 

PSf/Zeolite-0.1wt.% 4.40±1.11 3.40±0.75 -22.7 

PSf/Zeolite-1wt.% 14.8±3.8 11.54±3.14 -28.1 

 

4.5.8. Pure water flux and fluoride rejection study of all the membranes 

4.5.8.1. Pure water flux of all synthesized membranes 

The pure water flux of neat PSf and zeolite NPs coated membrane was carried out at 1.37 bar 

for 60 minutes. As depicted in Figure 4.12a, the water flux increases with the zeolite 

concentration. The increasing flux was denoted due to the enhancement of hydrophilicity and 

porosity (see Table 4.5) of the fabricated membranes. Based on the contact angle result as 

depicted in Figure 4.5c, the membranes' hydrophilicity was found to increase, which resulted 

in better water flux. Due to the increased hydrophilicity and improved porous structure, NP-

layered membranes tend to attract water molecules and make water penetration easier than 

that of neat PSf membrane and resulting in higher water flux. The equilibrium water flux for 

all synthesized membranes was observed at ~50 minutes, as illustrated in Figure 4.12a. The 

highest water flux was found to be 28.83 L/m2h for PSf/Zeolite-1wt.% membrane when 

compared with others. 

4.5.8.2. Fluoride elimination through a cross-flow spray-coated membrane 

ultrafiltration process 

The de-fluoridation performance of all fabricated membranes is shown in Figure 4.12b. The 

fluoride removal experiments were carried out at room temperature and with a 
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transmembrane pressure of 1.37 bar. For every batch of experiments synthetic 5 ppm fluoride 

(F-) solution was introduced to the dead-end filtration set-up, as illustrated in Figure 4.2. The 

fluoride rejection of neat PSf membrane was found to be 6.33%, however, the fluoride 

removal got enhanced with the higher zeolite content modified membrane. The fluoride 

rejection mechanism obeys the electrostatic repulsive forces that appear between negatively 

charged zeolite surface and negatively charged fluoride ions. Zeolite is an aluminosilicate 

mineral that contained [SiO4]
4- and [AlO4]

5- and creates a three-dimensional network structure 

carrying a negative charge [30], which results in a negative surface charge. Hence, a higher 

zeolite-loaded membrane resulted in a higher negative surface charge. The zeta value for as-

synthetic membranes increased with higher zeolite Y concentration, as shown in Table 4.6, 

and thus the PSf/Zeolite-1wt% membrane was found to have the highest negative surface 

charge -28.1 mV. The highest fluoride removal for all membranes was attained at nearly 20 

minutes, except PSf/Zeolite-1wt.% membrane. 

4.5.8.3. Permeate fluoride concentration after de-fluoridation experiment over all 

synthesized membranes 

The permeate fluoride concentrations after ultrafiltration experiments through all the 

fabricated membranes are presented in Figure 4.12c. The permeate fluoride concentration 

was found to be lowest at 1.83 mg/L when PSf/Zeolite-1wt.% membrane was utilized for the 

de-fluoridation study. However, the fluoride concentration of permeate was relatively higher 

for other zeolite wt.% membranes. Moreover, fluoride concentration data shown in Figure 

4.12c suggested that the fluoride concentration on permeate side is higher than 1.5 mg/L (the 

permissible limit according to WHO). 

The fluoride rejection results, as shown in Figures 4.12b and 4.12c, revealed that, in 

comparison to other synthesized membranes, the PSf/Zeolite-1wt.% membrane has 

TH-3301_186152003



Chapter 4 
 

157 

 

remarkably reduced fluoride content from the synthetic fluoride solution. However, the 

permeate fluoride concentration (1.83 mg/L) was beyond the permissible limit (Figure 4.12c). 

The reason might be the formation of a non-uniform zeolite layer on the membrane matrix 

(Figure 4.13) that allow hydrated fluoride ions (0.34 nm) [31] to pass through the pores to 

permeate side. According to this performance, 1 wt.% zeolite-modified PSf membrane could 

reject 13.36 mg fluoride per m2 area. Therefore, in the next study, membrane PSf/Zeolite-

1wt.% was only considered for fluoride removal at different operating pressure and discussed 

in the subsequent sections. 

4.5.8.4. Effect of TMP on PWF and fluoride removal over PSf/Zeolite-1wt.% membrane 

in the ultrafiltration operation 

The fluoride rejection behavior and permeate flux of PSf/Zeolite-1wt.% membrane was 

observed at two different transmembrane pressure in a batch mode experimental run, as 

illustrated in Figure 4.14. The bar chart, as shown in Figure 4.12d exhibits the highest 

obtained value of permeate flux and fluoride rejection at two different pressure, respectively. 

A decrease in fluoride rejection or increase of fluoride concentration at permeate side was 

observed with a change in TMP from 2.7 to 4.2 bar. The reason might be, a reduction in 

repulsive force due to increasing the dispersion force at considerably greater transmembrane 

pressure [32]. 
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Figure 4.12: (a) Pure water flux of virgin PSf and zeolite-modified membranes (b) 

fluoride removal for all fabricated membranes, (c) permeate fluoride concentration and 

WHO permissible limit, (d) fluoride rejection at different TMP over PSf/Zeolite-1wt.% 

membrane, (e) fluoride rejection from multi-metal containing synthetic solution, and (f) 

permeate fluoride concentration after groundwater sample filtration (results are 

average of three replicates) at 1.37 bar (20 psi). 
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Figure 4.13: Flat sheet membrane with an uneven coating of zeolite nanoparticles. Red 

marked indicates the non-coated region on the membrane matrix. 

 

 

 

 

 

 
 

 

Figure 4.14: Fluoride rejection and permeate flux (a) at 2.7 bar and (b) at 4.2 bar. 
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4.5.8.4.1. De-fluoridation Investigation  

De-fluoridation experiments were carried out with fluoride-contained groundwater to 

examine the impact of other ions and the practical applicability of the PSf/Zeolite-1wt.% 

membrane. The groundwater sample (approximately 5 L) was collected from Bhuragaon, 

Kaki Hojai, Assam, India. The conductivity, TDS, and pH of the water sample were found to 

be 473 μS/cm, 325 ppm, and 8.9, respectively. It was also found that apart from fluoride the 

groundwater sample contained several cations (Ca2+, Mg2+, Mn2+, Cr6+, Na2+, K+, Fe2+) and 

anions (SO4
-, Cl-, PO4

3-). The concentration of each ion is tabulated in Table 4.7, which 

demonstrates that the obtained values are below the WHO-permissible limit except for 

fluoride, chromium, and manganese. The subsequent sections described the membrane 

selection for the removal performance of the other elements over the opted membrane 

sample. For all experiments, the ideal pressure throughout is kept at 1.37 bar, taking into 

account the cost-effectiveness of the ultrafiltration process. 

Table 4.7: Components present in collected groundwater samples. 

 

 Components present in the 

sample 

Concentration (mg/L) 

 
Groundwater sample 

Iron (Fe2+) Below detection level 

Fluoride (F-) 2.96±0.07 

Magnesium (Mg2+) 16±0.08 

Manganese (Mn2+) 0.96±0.04 

Sulfate (SO4
2-) 29.69±0.14 

Chromium (Cr6+) 3.13±0.19 

Sodium (Na2+) 9.02±1.4 

Potassium (K+) 2.7±1.12 

Chloride (Cl-) 3.096±0.05 

Calcium (Ca2+) 10.15±0.04 

Nitrate (NO3
-) 0.347±0.24 

Phosphate (PO4
3-) 0.231±0.06 

                     TDS                   325 
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4.5.8.4.2. Fluoride rejection study from groundwater sample 

Prior to proceeding with the fluoride rejection from groundwater, we prepared a synthetic 

solution containing fluoride, chromium, and manganese at the same concentration level as the 

groundwater. This batch mode experiment was conducted for a period of 60 minutes to obtain 

a rough idea of fluoride rejection from the groundwater sample using a synthesized 

PSf/Zeolite-1wt.% membrane. Figure 4.12e depicts the fluoride rejection behavior from a 

multi-metal synthetic water system. Results revealed that with time the fluoride rejection was 

increased gradually and the highest rejection was found to be at 41.21% after 60 minutes with 

a permeation flux of 26.21 L/m2h. Therefore, the fluoride concentration at permeate was 

measured as 1.74 mg/L (Figure 4.12e). 

The de-fluoridation of the groundwater sample has been shown in Figure 4.12f. It is observed 

that the permeate fluoride concentration gradually decreases with time. Fluoride 

concentration at permeate after 10 minutes was found to be 2.66 mg/L and reached 

equilibrium at 50 minutes with a concentration of 1.47 mg/L, which is equivalent to 50.33% 

fluoride rejection. It was found that the permeate fluoride concentration also reaches below 

the WHO permissible limit. The results compared with the fluoride rejection study for the 

multi-metal system, reveals that the highest fluoride rejection was obtained on the membrane 

surface for the groundwater sample. This could be attributed to (i) the zeta potential value for 

PSf/Zeolite-1wt.% membrane was found to be -28 mV (Table 4.6). Therefore, it can be 

assumed that both the zeolite and membrane surface will contribute a negative charge that 

can easily adsorb cations from the contaminated water. Considering our case, the cations 

present in groundwater get easily adsorbed on the zeolite surface and membrane matrix, 

resulting in cake-layer formation, that led to pore blocking and decay in permeation flux 

(23.59 L/m2h) which is less than pure water flux of unused PSf/Zeolite-1wt.% membrane’s 

flux (28.83 L/m2h). This mechanism can be attributed to higher fluoride rejection as 
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compared with the rejection results achieved after filtration of multi-metal synthetic solution 

over the functionalized PSf/Zeolite-1wt.% membrane; (ii) the mechanism can also be 

explained by electrostatic interaction between the membrane surface and solutes: repulsion 

charge exists between negatively charged solutes and membrane surface. There are no charge 

interactions between neutral solutes and the membrane surface, whereas positively charged 

solutes encourage charge attraction. As a result, there are more positively charged solutes at 

the membrane as well as zeolite surface than in the bulk solution (because they are drawn to 

the membrane that is negatively charged), which lowers the measured rejection values. For 

negatively charged ions (fluoride in this study), the opposite holds: the 

repulsive charge causes a lesser density of negatively charged solutes to accumulate at the 

membrane surface, leading to a higher rejection. This mechanism is known as “charge 

concentration polarization” [33]. The possible mechanism of fluoride rejection and other 

heavy metals removal from groundwater sample has been illustrated in Figure 4.15. 

The total fluoride ion rejection was experimented utilizing PSf/Zeolite-1wt.% membrane and 

it was found that the fabricated membrane can reject ~6.5 mg fluoride per m2 membrane area 

(6.50 mg F-/m2). The fluoride rejection investigation demonstrates that unequal distribution 

of negatively charged zeolite on the membrane surface leads to decay in fluoride rejection, 

which causes increased fluoride concentration at permeate section. Thus, a significant 

problem in the fabrication of surface-coated membranes is the uniform distribution of 

nanoparticles. 
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Figure 4.15: Possible mechanism of fluoride rejection and other heavy metals 

adsorption over fabricated PSf/Zeolite-1wt.% membrane. 

4.6. Membrane selection for the heavy metal ions removal  

The adsorption study of manganese (Mn2+) and chromium (Cr6+) (as mentioned in Table 4.7) 

was carried out in order to obtain a suitable membrane for metal ions removal from the 

collected water sample. Before this investigation, an aqueous stock solution of manganese 

and chromium of 1000 mg/L was prepared in distilled water. By successive dilution, the 

necessary concentration for each working solution was obtained. The removal of manganese 

and chromium metal ions was conducted utilizing the prepared membranes with the same 

experimental conditions (as discussed previously for F- removal study), and shown in Figure 

4.16. The synthetic solution of manganese and chromium was prepared according to their 

concentration present in the groundwater sample, as illustrated in Table 4.7. The results 

achieved from the study revealed that 1wt.% zeolite-coated PSf membrane has shown a 
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higher metal ions removal capacity than others. For manganese, the highest removal 

percentage was found to be 100%, whereas, 60.66% chromium removal was found over the 

fabricated PSf/Zeolite-1wt.% membrane. 

 

 

 

 

Figure 4.16: Metal ions removal percentage from synthesized membranes. 

 

 

From the above study, it was concluded that membrane PSf/Zeolite-1wt.% showed a 

significant impact on metal ions removal. Henceforth, this membrane has opted for the next 

studies, which illustrate the removal behavior of manganese and chromium from multi-metal-

containing synthetic solution and contaminated groundwater sample. 

 

 

TH-3301_186152003



Chapter 4 
 

165 

 

4.6.1. Manganese and chromium removal study from synthetic multi-metal 

containing solution and groundwater sample using PSf/Zeolite-1wt.% 

membrane 

Figure 4.17, illustrates the manganese (Mn2+) and chromium (Cr6+) removal study from 

multi-metal containing synthetic solutions and groundwater sample, respectively, at 1.37 bar. 

From Figures 4.17a and b, it is observed that the manganese concentration decreased 

gradually with time, which is attributed to the surface adsorption on the membrane or in other 

words, the electrostatic attraction occurred between positively charged manganese ions with 

negatively charged zeolite particles present on the membrane’s surface. After the 

ultrafiltration operation, the manganese concentration was found to be in the range of 0.37-

0.395 mg/L for multi-metal and groundwater samples, respectively. The permeate manganese 

concentration was found to be 0.5 mg/L (below the permissible limit according to WHO). It 

was also noted that (Figure 4.17 a and b), during the ultrafiltration process, the manganese 

concentration at permeate side dropped below its permissible limit within 10-20 minutes of 

operation for the multi-metal solution. When the ultrafiltration study was carried out with 

ground water samples the operation time was found to be 30-40 minutes for attaining 

concentration below permissible limit. The difference in time taken to reach the permissible 

limit for groundwater samples is presumably due to the competitiveness of other cations 

present (e.g., Na2+, K+, Mg2+, Cr6+), which may hinder the adsorption process of manganese 

on the membrane surface. 
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Figure 4.17: (a), (b) manganese and (c), (d) chromium metal ions removal from 

synthetic multi-metal-containing solution and groundwater sample using PSf/Zeolite-

1wt.% membrane. 

 

The chromium removal study was illustrated in Figure 4.17 c and d, respectively, keeping all 

process parameters same. As shown in Figure 4.17c, drastic chromium removal was observed 

resulting in a decrease in permeate chromium concentration (1.02 mg/L). The reason can be 

explained by the adsorptive surface characteristic of the membrane and the formation of an 

adsorbate monolayer on the membrane’s surface. The permeate chromium concentration was 

found to be beyond the permissible limit due to (i) saturation of the active site of zeolite 
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nanoparticles by chromium ions and (ii) channeling of chromium through the membrane 

pores containing less zeolite-coated region. 

On the other hand, a ‘zero’ concentration of chromium was obtained at permeate side, as 

shown in Figure 4.17d, which implies 100% chromium was removed. The results can be 

explained by (i) adsorption of Cr6+ and other adsorbates (in groundwater sample) due to 

electrostatic interaction with the adsorptive membrane surface, which results in cake layer 

formation on the membrane surface which leads to pore blocking and hinders the chromium 

permeation through the pores (as chromium has bigger hydrodynamic radius among others), 

(ii) the electrostatic repulsion based chromium removal can also be considered after the 

sufficient extent of Cr6+ adsorption on the skin layer, leading to accumulation of Cr6+ ions at 

diffusion layer and bulk solution. It is also notable that the electrostatic repulsion-based 

rejection phenomenon will be more plausible when sufficient adsorption of the targeted 

cations will take place on the membrane skin layer [34]. This reason can be attributed to the 

drastic reduction of Cr6+ in the groundwater sample. The mechanism of this removal study 

has been represented in Figure 4.15. 

As stated earlier, the permeate flux for a multi-metal solution was comparatively higher than 

the flux obtained for groundwater samples, which is because of the formation of several ionic 

layers on the membrane surface, resulting in reduced penetration of water molecules through 

the pores. According to the results, PSf/Zeolite-1wt.% membrane could filter 2722 gallons of 

groundwater per m2 of area per hour at the permeate rate of 23.59 L/m2h. Notably, after 

washing with DI water the membrane flux was moderately increased to 24.63 L/m2h. This 

value was used to find the flux recovery ratio and total fouling of the selected membrane, 

which is provided in the following section. 
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Table 4.8 represents the concentration of elements before and after groundwater treatment. 

The permissible limit of all elements is shown in Table 4.8, in accordance with the Bureau of 

Indian Standards (BIS) standards (2012) [35]. It was also found that the concentration of 

other essential elements was reduced after the process and enlisted in Table 4.8. 

Table 4.8: The concentration of fluoride and other heavy metals in groundwater sample 

before and after the ultrafiltration process. 

 

Elements and 

other 

parameters 

Before treatment 

(mg/L) 

After treatment 

(mg/L) 

Permissible limit 

(mg/L) 

F- 2.96±0.07 1.47±0.08 1.5 

Fe2+ Below detection level - 0.3-1 

Mg2+ 16 11.04 30-100 

Mn2+ 0.96±0.04 0.395±0.02 0.1-0.5 

SO4
2- 29.69 24.17 200 

Cr6+ 3.13±0.19 0.00 0.05 (no relaxation) 

Ca2+ 10.15 7.34 75-200 

Na2+ 9.02 5.67 200 

K+ 2.7 2.4 200 

Cl- 3.096 1.37 250-1000 

NO3
- 0.347 0.277 45 (no relaxation) 

PO4
3- 0.231 0.231 1.0 

TDS 325.66±0.54 265±0.37 500 

Conductivity  47.5±0.236 μS/cm 45.07±0.354 - 

Salt  232±0.012 137±0.02 - 

pH 8.9±0.5 8.15±0.09 6.5-8.5 

 

4.6.2. Adsorption isotherm analysis 

In the UF chamber, Cr6+ and Mn2+ concentrations were varied from 2 to 4 and 0.5 to 1.5 

mg/L, respectively, to examine the adsorption isotherm with a fixed membrane weight of 

0.54 g. As shown in Figure 4.18a, the equilibrium adsorption time for Mn was reached at 30 

minutes with 100% removal. It was also found that Ce/Qe value shows ‘zero’ while 

considering the highest removal, i.e., 100%, by which no isotherm data could be fitted. 

Hence, adsorption behaviour was only considered for up to 30 minutes which is shown in 

Figure 4.18b. It was found that no isotherm model was fitted with the obtained adsorption 
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data except the Langmuir isotherm. It shows that Langmuir isotherm fits better with an R2 

value of 0.99 for chromium as compared with manganese (R2 = 0.96), according to Figures 

4.18c and 4.18d. The highest adsorption capacity was measured as 2.37 and 1.18 mg/g for 

Cr6+ and Mn2+, respectively. The isotherm results indicate that the adsorption mechanism 

followed physisorption which results in monolayer formation on the membrane surface. 

 

 

 

 

 

 

 

 
 

 

Figure 4.18: (a) Removal % of Mn2+ and Cr6+ within different concentration ranges, (b) 

removal behaviour of Mn2+ for first 30 minutes where concentration reached 

equilibrium for 60 minutes operation time, (c) Langmuir isotherm for Cr6+ and (d) for 

Mn2+, respectively (working pressure-1.37 bar; Membrane-PSf/Zeolite-1wt.%). 
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4.6.3. Total fouling (Rt) and flux recovery ratio (FRR) of membrane 

PSf/Zeolite-1wt.% 

Total fouling and its mechanisms are determined by membrane surface properties such as 

hydrophilicity and surface charge. It was also reported that adding polyethylene glycol (PEG) 

or polyacrylonitrile (PAN) to the PSf membrane increases its surface hydrophilicity [36]. In 

this study, steel slag-derived zeolite nanoparticles were incorporated into the PSf substrate in 

order to enhance the membrane’s hydrophilicity. The chemical structure of a zeolite 

comprising innumerable oxygen bonding (-O) contributed to the hydrophilic by absorbing 

water molecules to create hydroxyl bonding [37]. According to Huang et al. [38], the 

presence of nanoparticles on the upper layer of the membrane enhances the antifouling 

ability. The membrane PSf/Zeolite-1wt.% exhibits a good antifouling behavior and flux 

recovery ratio after the filtration process. The FRR, Rt, Rr, and Rir value was calculated using 

equations (4.5) to (4.8), as described earlier (section 2.5.2). The total fouling and flux 

recovery ratio was evaluated from equations (4.5)-(4.8). According to the results, PSf 

membrane functionalized with zeolite nanoparticles has shown excellent flux recovery of 

85.43% as compared with other literature [39,40] with less total fouling (Rt) of 3.61%. 

From the fouling study, it can be envisaged that the membrane exhibits a magnificent anti-

fouling character. It can be assumed that electric double-layer repulsion-based metal removal 

may results in good anti-fouling behavior [41]. 

4.7. Characterization of spent membrane 

4.7.1. FESEM and EDX analysis 

Figure 4.19a depicts the FESEM analysis of the used PSf/Zeolite-1wt.% membrane after the 

separation of the groundwater sample. Agglomerated particles were observed on the 
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membrane. A membrane pore block was seen on the membrane surface, indicating adsorption 

as well as accumulation when the adsorbate-adsorbent interaction took place.  

 The elemental analysis of the spent membrane has been shown in Figure 4.19b. The 

elemental analysis shows the number of deposited elements on the membrane substrate. A 

significant fluoride concentration was detected, indicating the rejection of F- ions by the 

membrane PSf/Zeolite-1wt.%. Furthermore, the presence of other targeted contaminants 

(Cr6+ and Mn2+) confirms the successive adsorption on the zeolite-modified membrane.  

Results achieved from the study revealed that the fabricated PSf/Zeolite-1wt.% membrane 

can adsorb and reject detrimental constituents from contaminated water. 

 

 

 
 

 

 

 

Figure 4.19:  (a) FESEM and (b) EDX analysis of spent PSf/Zeolite-1wt.% membrane 

after groundwater sample filtration. 

4.7.2. ATR-FTIR spectroscopic analysis 

The ATR-FTIR spectra of unused (also provided in Figure 4.7b) and used membranes have 

been shown in Figure 4.20a and 4.20b, respectively. It was observed that after groundwater 

filtration some functional groups are shifted towards the higher wavenumber attributed to the 

TH-3301_186152003



Chapter 4 

 

172 

 

interaction of polymer chain and adsorbates which took place during the filtration process. 

Table 4.9 shows the absorption bands of various functional groups for PSf/Zeolite-1wt.% 

membrane, before and after filtration. It reveals that the existing absorption band for the C=C 

and O=S=O groups in the spent membrane was shifted to higher wavenumbers at 1587 and 

1149 cm-1 when compared to the unused membrane, presumably due to chemically bonding 

of the adsorbed elements with the membrane chain that occurred after the pressure-induced 

filtration process. 

 

 

 
 

 

Figure 4.20: ATR-FTIR analysis of (a) unused and (b) used PSf/Zeolite-1wt.% 

membrane. 
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Table 4.9: Peak shifting and peak position of the functional groups of the used 

membrane. 

 

Membrane Sample Peak position before filtration 
Peak position after 

filtration 

PSf/Zeolite-1wt.% 
1585 (C=C) 1587 (C=C) 

1147 (O=S=O) 1149 (O=S=O) 

 

4.7.3. XPS analysis of spent PSF/Zeolite-1wt.% membrane 

The XPS analysis of the used membrane has been shown in Figure 4.21 and the 

corresponding XPS binding energies for the C 1s, N 1s, O 1s, Si 2p, and Al 2p were enlisted 

in Table 4.10. These results demonstrate the core level XPS Si 2p and Al 2p shifts of the 

spent membrane as compared with the unused membrane, as seen in Table 4.4. The findings 

imply the reduction in electron binding energy of 0.1 to 0.6 eV for Si 2p and 0.32 eV for Al 

2p. Based on the analysis, no considerable changes were seen for C 1s XPS spectra. 

Now considering the core level XPS N 1s for unused and used membrane (Table 4.4 and 

Table 4.10), it was found that the BEs of (C)-N= and N- group decreased accordingly from 

399.87 to 399.61 eV and 400.62 to 400.23 eV, respectively. Furthermore, two distinct peaks 

were observed after the deconvolution of O 1s spectra, as shown in Figure 4.21d. The 

O=S=O/OH- and O-C-O group of O 1s core level was shifted towards higher BEs, in the 

order of 0.17 to 0.45 eV. Higher binding energy indicates a higher oxidation state due to the 

extra coulombic interaction between the photo-emitted electron and the ion core. 

From the analysis, it can be concluded that the Si 2p and Al 2p group of the zeolite 

framework was shifted towards the higher binding energies. Moreover, lower binding 

energies of N 1s and O 1s spectra were found in the used membrane which is attributed to the 

surface adsorption as well as surface complexation on zeolite layered PSf substrate. 

Specifically, the peak shift of the hydroxyl group is strongly indicated in the involvement of 
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oxides of chromium and manganese, which was caused by the removal of Cr6+ and Mn2+. The 

results were in good agreement with the FESEM-EDX analysis of the used membrane. 

 

 

 

 
 

 

 

  

 

 

 

Figure 4.21: XPS spectra for the used membrane: (a) wide scan, (b) C 1s, (c) N 1s, (d) O 

1s, (e) Si 2p, and (f) Al 2p spectra. 
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        Table 4.10: XPS binding energies (eV) of the used membrane. 

 

Spectra  Group Spent PSf/Zeolite-1wt.% 

C 1s C-H 284.72 

 C-N 285.03 

 C-O 286.07 

N 1s (C)-N= 399.61 

 N- 400.23 

O 1s O=S=O/OH- 532.07 

 O-C-O 533.87 

Si 2p - 102.57, 102.88 

Al 2p - 74.71 

 

4.7.4. Tensile strength analysis of all synthetic membranes and used 

PSf/Zeolite-1wt.% membrane 

The stress-strain plot as depicted in Figure 4.22 exhibits the mechanical behaviour of 

synthesized membranes along with the used PSf/Zeolite-1wt.% membrane and Table 4.11 

illustrates the corresponding mechanical values. Young's modulus was computed using the 

slope of the stress vs. strain curve in the linear elasticity regime of uniaxial deformation, 

whereas the ultimate tensile strength was approximated using the highest tensile stress 

obtained at the breakpoint. The strain is stated as the ratio of the change in length to the total 

length of the samples, and the stress is a function of the force applied to the area of the cross-

section. It is assumed that the concentration of zeolite materials has a profound effect on 

Young’s modulus and tensile strength. Zeolite coating on the membrane firstly increases the 

tensile strength and Young’s modulus from 0.95 to 4.06 MPa and 17.61 to 141.62 MPa, 

respectively. The improved mechanical strength can be ascribed to the development of 

sponge-like structures and excellent mechanical characteristics of synthetic zeolite. 

Thereafter, these values were decreased by 0.1wt.% zeolite concentration (Table 4.11) that is 
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presumably due to aggregation and weak interface of nanolayers. The obtained results 

revealed that membrane PSf/Zeolite-1wt.% has the highest tensile strength and Young’s 

modulus that can withstand greater stresses without considerable deformation. 

 

 

 

Figure 4.22: Stress-strain plot of all fabricated membranes and used PSf/Zeolite-1wt.% 

membrane. 

 

According to the results, due to abrasion during the filtration process, the membranes became 

more fragile (lowering the elongation and tensile strength). The tensile strength and 

elongation of the used membranes were found to be 4.38 MPa and 28.34%. Additionally, 

backwashing with a chemical agent like HCl has the potential to degrade the PSf as well as to 

remove membrane fouling. 
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Table 4.11: Mechanical properties of all fabricated membranes and used membrane. 

Membrane 

Samples 

Tensile 

strength 

(MPa) 

Elongation 

at strength 

(%) 

Elongation 

at break 

(%) 

Tensile 

strength 

at 

maximum 

point 

(MPa) 

Young’s 

modulus 

(MPa) 

PSf 0.95 12.77 18.18 18.23 17.61 

PSf/Zeolite-

0.01wt.% 
4.06 15.04 17.90 18.34 141.62 

PSf/Zeolite-

0.1wt.% 
3.88 9.62 12.34 12.69 141.23 

PSf/Zeolite-

1wt.% 
5.73 4.80 7.88 8.99 184.79 

PSf/Zeolite-

1wt.% (after 4th 

cycle) 

4.31 32.60 36.58 36.81 113.06 

 

4.7.5. Regeneration of the used PSf/Zeolite-1wt.% membrane 

In order to investigate the reusability of the PSf/Zeolite-1wt.% membrane, a regeneration 

experiment was conducted by passing a 3 pH HCl solution through the dead-end filtration 

set-up. For membrane regeneration, utilizing pH 3 was found to be optimum. The 

regeneration process took place after each filtration cycle. Solution at a much lower pH may 

damage the membrane structure and the membrane cannot be further reutilized [42]. During 

the regeneration process, H+ ions produced by HCl replace the Cr6+ and Mn2+ ions adsorbed 

by functional groups of zeolite Y, resulting in the regeneration of the active adsorption site of 

the zeolite as well as the membrane. Figure 4.23a depicts the percent removal of Cr6+ and 

Mn2+ and F- rejection behavior during four regeneration cycles. The results obtained after 

cycle 1 shows that only manganese concentration at permeate was below the permissible 

limit except for chromium and fluoride with a permeation flux of 20.96 L/m2h. A drastic 

decrease in fluoride rejection was seen after the first cycle. It was also observed that for cycle 

2 and cycle 3 the water flux was found to be at 41.93 and 52.42 L/m2h, respectively, which 
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may be due to the creation of void space on the membrane surface caused by regeneration 

that lead to leach out of ZNPs from the membrane surface. A small amount of zeolite 

particles was noticed on the regenerated membrane surface, as depicted in Figure 4.23b. 

Another reason for higher flux might be the membrane swelling (Figure 4.23b) which could 

lead to a sudden increase in the membrane’s pores size and result in high water permeation. It 

was also seen from Figure 4.23a that the water flux for the last cycle declined to 51.37 L/m2h 

which is presumably due to reverse fouling of the F-, Mn2+, and Cr6+ ions.   

This regeneration study demonstrates the degradation of polymer substrate after membrane 

regeneration. Membrane swelling causes the creation of big pores and increases water 

permeability, which may adversely affect pollutant removal. 

 

 

 

 
 

 

 

Figure 4.23: (a) Cr6+, Mn2+ removal, and F- rejection performance of regenerated 

membrane and (b) FESEM image of the regenerated membrane after cycle 4. 
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4.8. Cost analysis of prepared membrane 

According to Das et al. [43], the cost analysis of the membrane was performed to evaluate the 

total cost of materials required to synthesize a 1wt.% zeolite-coated PSf membrane with a 

surface area of 1 m2. The total synthesis cost of 1 m2 of the zeolite-modified membrane was 

estimated to be 131.04 USD (detail of cost analysis is provided in Table 4.12). It was 

observed that the 1wt.% zeolite-coated PSf membrane had a flux of 23.59 L/m2h when 

utilized for treating groundwater contaminated with F-, Mn2+, Cr6+. Though water flux studies 

are shown only for 1 hour, but the prepared 1wt% zeolite-coated PSf membrane was found to 

provide stable results when utilized for 3 hours during 1st cycle. It was estimated that the cost 

of treating groundwater contaminated with F-, Mn2+, Cr6+ was ~ 0.022 USD/L. According to 

this result, the fabricated membrane is cost-effective considering the desirable performance of 

the membrane. 

Table 4.12: Cost estimation to prepare PSf/Zeolite-1wt.% membrane for ultrafiltration 

studies. 

 

Sl. No. Material used Amount taken Price (INR)  

1 Zeolite 100 mg 11 
 

2 NMP 8 mL 12.8 
 

3 PSf 1.9 g 133 
 

Total price 156.8 (INR) 

Area of membrane 160 cm2 

Overall cost per m2 area of zeolite-coated membrane 

1 m2 = 10000 cm2 

(156.8/160)×10000 

= 9800 (INR) 

 

Overhead charge =10% of the overall cost 980 (INR) 

Net cost for membrane preparation per m2 = Overall cost + 

Overhead charge 

9800+980 (INR) 

= 10,780 (INR) 

= 131.04 USD 
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Summary 

Nano-sized Y-type zeolite (59.07 nm) was prepared from steel industry solid waste LD-slag. 

The zeolite nanolayered membrane was fabricated by heat treatment followed by a phase 

inversion technique. FESEM images captured from membrane surfaces reveal the graft of 

zeolite particles, and cross-sectional images demonstrate the formation of a honeycomb-like 

pore structure in the membrane. Porosity, mean pore radius, and EWC were increased with 

zeolite concentration. The maximum PWF was achieved from PSf/Zeolite-1wt.% membrane 

sample. Ultrafiltration test was conducted to extract fluoride, manganese, and chromium from 

the groundwater sample over the modified PSf/Zeolite-1wt.% membrane. All synthesized 

membranes possess good thermal and mechanical durability. The cost of treating 

groundwater contaminated with F-, Mn2+, Cr6+ was ~ 0.022 USD/L. 
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Synthesis of precipitated calcium carbonate from LD-

slag using CO2 

 

Content of this chapter is published as below: 

N. S .Samanta, Anweshan, Piyal Mondal, Utpal Bora, M K Purkait, Synthesis of precipitated calcium carbonate 

from LD-slag using CO2, Mater. Today Commun. (2023) 106588. 

https://doi.org/10.1016/j.mtcomm.2023.106588. 

The precipitated calcium carbonate (CaCO3) was prepared from CaO-rich LD-slag by CO2 

sequestration where table sugar was added as a promoter. The carbonation was carried out 

within the temperature range of 25-55°C. Three types of CaCO3 polymorphs were detected 

by several characterization techniques like field emission scanning electron microscope 

(FESEM), field emission transmission electron microscopy (FETEM), X-ray diffraction 

(XRD), and Fourier transform infrared (FTIR) analysis. Thermogravimetric analysis (TGA) 

of the obtained sample was recorded in order to examine the thermal stability. The formation 

of precipitated calcium carbonate (PCC) without sugar was also carried out with the same 

temperature range (25-55°C). The chemical analysis of with and without sugar CaCO3 

samples was investigated by X-ray photoelectron spectroscopy (XPS).  

5.1. Experimental 

5.1.1. Materials and Method 

5.1.1.1. Precipitated Calcium Carbonate Production 

LD-slag was collected from TATA Steel Limited, Jamshedpur, India. Table sugar and CO2 

gas were procured from the market and Assam air products ltd., India, respectively. The 

carbonation experiment was conducted in a 500 mL sequestration chamber equipped with a 

mechanical agitator. Prior to the process, the LD-slag was calcined at a high temperature 

(550°C) and then acid leached with 0.1M HCl at room temperature for 1 hour to remove an 

excess amount of carbonaceous and undesirable components from the slag. About 4 g of LD-
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slag was taken from the processed slag and mixed with 2 g of table sugar to conduct the 

experiment. The mixture of LD-slag and table sugar powder was kept in the reaction chamber 

containing 100 mL of deionized (DI) water. The speed of the stirrer was set at 300 rpm and 

the reaction temperature was varied from 25 to 55°C. After attaining the required 

temperature, CO2 gas was continually purged to the reaction at a 50 mL/minute flow rate. 

The carbonation reaction was carried out for 2 hours. After the reaction, the solution was then 

filtered and thoroughly washed with hot water maintained at 100°C for three times to remove 

the excess amount of sugar from the obtained sample. The thicker sample was then placed in 

a petri dish and allowed to dry for 12 hours at 80°C. The experimental setup and reaction 

conditions for the synthesis of CaCO3 from CaO-enriched LD-slag have been presented in 

Figure 5.1. 

 

 

Figure 5.1: Experimental setup and reaction conditions for the production of 

precipitated CaCO3 from CaO-rich LD-slag. 
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5.1.1.2. CaO conversion 

A 4 g of LD-slag by composition should have 49.15% CaO which means when calculated it 

would have 1.96 g of CaO. After reaction with carbon dioxide carbonates will be formed that 

precipitated carbonate went taken off and weighed which gives the amount of CaCO3 thus if 

we divide the amount of precipitated carbonate by the theoretically calculated amount of CaO 

present in the LD-slag it will give us the amount of CaO conversion. 

5.1.1.3. Hypothesis test (t-test) 

A t-test compares the means of two samples using statistical evaluation. It is used in 

hypothesis testing, where the null hypothesis is that there is no difference between the group 

means, and the alternate hypothesis is that there is a difference between the two. The 

hypothesis result is said to be significant if the p-value from the t-test is less than 0.05. The 

results are not significant if the p-value is higher than 0.05. 

5.1.1.4. Concentration of carbonate (CO3
2-) ions measurement 

The concentration of carbonate ions in the solution was determined via back titration. A 500 

mL solution of 0.01M HCl was prepared from 37% pure HCl (procured from Merck, 

Germany), added to 20 mL of which was then added to the 50 mL sample solution kept in a 

flask. Any carbonate ions in the water are reacted with by the acid to create carbon dioxide 

gas. The reaction will be followed as below: 

𝐻𝐶𝑙 +  𝐶𝑎𝐶𝑂3  → 𝑁𝑎𝐶𝑙 + 𝐶𝑂2 (𝐺) ↑ + 𝐻2𝑂                (5.1) 

Any unreacted acid will stay in the solution together with the salt produced by the 

calcium chloride reaction once the reaction has finished. The remaining acid in the solution 

was titrated with a solution of 0.01M NaOH and was prepared from dissolving NaOH pellets 

(purchased from Merck, Germany) in DI water and using a phenolphthalein indicator. The 

quantity of acid remaining in the solution, or the amount of acid that did not interact with the 
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carbonate ions, will be revealed by titration. The amount of reacted acid will be evaluated by 

subtracting the amount of unreacted acid from the known excess. The concentration of CO3
2- 

ions in the solution will be calculated from the known amount of acid that was added to the 

solution in the first place. 

5.1.1.5. Characterization techniques 

Powder X-ray diffractions were performed using a Bucker X-ray D8 analyzer. Scanning was 

carried out in the range of 2θ =10-60° at 0.05°/sec in continuous mode. XRD results were 

obtained employing (Cu Kα = 0.15406 nm) radiation. The X-ray source was performed at 40 

kV and 5 mA. 

X-ray photoelectron spectroscopy (XPS) analysis of synthesized precipitated calcium 

carbonate was carried out by an RBD upgraded PHI-5000 Versa Probe III system 

(PerkinElmer) utilizing a monochromatic Al K-alpha x-ray source at pass energy of 55 eV. 

FESEM analysis was used for morphological analysis of reacted samples. The internal, as 

well as external surface morphology, was carried out by FESEM (ZESIS, Model 1430 VP) 

instrument. Prior to analysis, the reacted samples were dried in a hot air oven at 70°C to 80°C 

and coated with gold plating. Energy dispersive x-ray spectroscopy (EDX) was used to 

characterize the elemental composition and chemical analysis of synthetic PCC. The 

preparation of the sample was the same as the FESEM analysis, which was stated earlier. 

Field emission transmission electron microscopic (FETEM) studies of prepared samples were 

done by a FETEM analyzer (Model, JEOL JEM 2100F). Fourier transforms infrared (FTIR) 

spectroscopic analysis of synthesized CaCO3 was conducted utilizing an FTIR analyzer 

(Perkin Elmer, Singapore, and Model: Spectrum two). The scanning range was set from 400 

to 4000 cm-1 with the highest resolution of 0.5 cm-1. The UV-Vis diffuse reflectance spectrum 

(200-700 nm) of the obtained CaCO3 samples was achieved by employing a UV-Vis 
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spectrophotometer facilitated with a deuterium for UV light and a tungsten lamp for visible 

light (UV-2600, Shimadzu, Singapore).  

A thermal durability test of the obtained CaCO3 sample was performed by a TGA analyzer 

(Make: NETZSCH, Model: TG209 F1), type of crucible: DSC/TG pan Al2O3. Argon was 

employed as a protective gas at 20 and 60 mL/minute flow rates, respectively. The 

testing temperature was set at a range of 25-1000°C with a 10°C/minute heating rate. 

Differential Scanning Calorimetry (DSC) analysis was operated to observe the degradation 

temperatures and melting point of the CaCO3 existing in the samples (Make: Mettler Toledo, 

Model: DSC1 STARe System). The operational temperature was the same as the TGA 

analysis, mentioned earlier. A flame photometer (Make: Systronics, Model: 128) was 

employed for quantitative analysis of Ca2+ as well as Ca(OH)2 ions in reaction and standard 

solutions. All sets of the sample were tested at an ambient temperature (25°C). 

5.2. Results and discussion 

5.2.1. Characterization of raw LD-slag and solid samples 

5.2.1.1. X-ray Diffraction (XRD) Study 

XRD pattern of LD-slag and all samples reacted at different temperatures (25 to 55°C), is 

shown in Figure 5.2a. It was observed that the principal calcite phase was formed by the 

carbonation process with a trace amount of vaterite and aragonite phases. Peak values at 2θ = 

27.03°, 29.48°, 32.78°, 35.9°, 39.5°, 42.83°, 43.2°, 45.8°, 48.5°, and 61.8° correspond to the 

(1 1 2), (1 0 4), (1 1 4), (1 1 0), (1 1 3), (2 2 0), (2 0 2), (2 2 1), (1 1 6) and (1 2 2) lattice 

plane of calcium carbonate, respectively [1]. The crystalline plane of (1 0 4), (1 1 6), (1 1 3), 

and (1 1 0) represent the calcite (JCPDS card No. 05-0586) phase [2], and (2 2 0), (2 2 1), and 

(2 4 1) assign the crystalline plane of aragonite (JCPDS card No. 41-1475) phase [3]. In 

addition, peaks displayed at 2θ = 27.03° and 32.78 corresponds to the crystalline plane of (1 1 
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2) and (1 1 4) which are found to be in good agreement with the existence of vaterite (JCPDS 

card No. 33-0268) polymorph in the produced sample [4–6]. Moreover, peaks at 2θ = 34.2° 

(0 1 1) and 64.55° (1 0 3) well matched with crystalline peaks of Ca(OH)2 particles [7], which 

revealed the presence of unreacted Ca(OH)2 in the sample. Hence, it was confirmed from the 

XRD analysis that mostly calcite and aragonite polymorphs dominated the precipitated 

calcium carbonate, whereas the vaterite phase was observed in very small amounts along with 

amorphous Ca(OH)2. 

The crystallinity index (CI) or % crystallinity of all the prepared samples was calculated 

using equation (5.2), as given below. 

Crystallinity index (%) =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑘𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠
            (5.2) 

The crystallinity index of synthesized samples with sugar was found to be within the range of 

~80 to 90% (Table 5.1 and Figure 5.3). The crystallinity of a material has a significant impact 

on its physical characteristics. The more crystalline a material, the more consistently its 

atoms are arranged in a periodically repeating geometric array. The hardness and density of a 

material rise as crystallinity increases [8]. As a result, the analysis confirmed that sample 1 

(S1) has the maximum stability and hardness among others. 

From XRD analysis, it can be concluded that three types of CaCO3 polymorphs namely 

calcite, vaterite, and aragonite, were detected in the prepared samples. The unreacted 

Ca(OH)2 was also observed in the prepared sample. The XRD analysis further verified that 

calcite and aragonite phases predominate in PCC samples, with vaterite and amorphous 

Ca(OH)2 appearing in trace levels. The crystallinity of all as-synthesized samples was 

estimated from XRD analysis and found to be within the range of 80-90%. 
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5.2.1.2. Fourier Transform Infrared (FTIR) Study 

The FTIR spectra of steel slag as well as prepared samples (S1, S2, S3, and S4, respectively, 

produced within temperature from 25 to 55°C), as illustrated in Figure 5.2b, demonstrates 

various peaks corresponding to different functional groups including carbonyl, hydroxyl, and 

carbonate groups, which validates successful formation of CaCO3. The peaks that arrived in 

the range 3500-3420 cm-1 (displayed by dotted lines) for all reacted samples correspond to 

the existence of the hydroxyl (–OH) group due to the moisture absorbance affinity of the 

samples [9–14]. The broad transmittance peak displayed at 3644 cm-1 is attributed to the 

hydroxyl stretching vibration of CaO. Furthermore, the strong vibration peak at 1779 and 

2504 cm-1 was ascribed to the deformation mode of C-O stretching modes of carbonate 

(CO3
2-) ion (ν4+ν3 bending mode of CO3

2- ion) [3,15]. Also, the peak band at 872 cm-1 (ν2, 

out-of-plane bending) and 712 cm-1 (ν4, doubly degenerated planer bending) reveal the 

presence of calcite phase in precipitated calcium carbonate (PCC) [16,17]. Another notable 

aspect of the increasing trend of peak intensity at 872 and 712 cm-1 is presumably due to the 

crystal growth of calcite polymorph with temperature [18]. Whereas, the peak at 1083 cm-1 is 

designated to the aragonite phase [19], as the temperature increases the intensity of the peak 

appears at 1083 cm-1 also increases which implies that the aragonite phase is mostly 

dominated at a higher temperature in carbonation reaction [20]. 

Results achieved from FTIR data demonstrate that distinct peaks appeared at different 

wavelengths, revealing CaCO3 polymorphs for every sample. Moreover, the increasing trend 

of the calcite phase (at 872 cm-1) with temperature is probably due to the precipitation of 

more calcite phases in precipitated calcium carbonate. 
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Figure 5.2: (a) XRD (b) FTIR, and (c) Raman spectroscopic analysis of CaCO3 powder 

samples.  Captions S1, S2, S3, and S4 indicate samples 1, 2, 3, and 4 reacted at 25, 35, 45, 

and 55°C, respectively. 
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5.2.1.3. Raman Analysis 

The Raman spectrum of calcite, aragonite, and vaterite phases of synthetic CaCO3 along with 

LD-slag are shown in Figure 5.2c. No distinct peaks are found in the slag sample. However, 

the Ca-O characteristic bonds were found at 365 and 678 cm-1, respectively, which attributes 

to the existence of CaO in the used slag. The vibrations mode of PCC ions is divided into 

four categories: i) symmetric stretching mode (ν1) ii) asymmetric stretching mode (ν3) iii) 

out-of-plane bending mode (ν2) and iv) in-plane bending mode (ν4). A Low-frequency Raman 

peak was observed at 287 cm-1 where CO3
2- ions and Ca+ ions vibrate together, which reveals 

the presence of an aragonite polymorph [18]. The strong vibration band at 1085 cm-1 and less 

intense peak at 712 cm-1 can be assigned to the symmetric stretching (ν1) and in-plane 

stretching mode (ν4) of the carbonate groups, respectively [21]. Moreover, from a number of 

Raman analyses, the phase analysis of CaCO3 reveals that calcite and aragonite are observed 

at 1086 and 1085 cm-1 [22], and somewhere the phases are shifted to 1085 and 1086 cm-1, 

respectively [22,23]. Hence, the peak appearance for both phases is relatively the same, 

therefore we may consider that both phases are present at 1085 cm-1 in this study. However, 

the disappearance of the vaterite phase might be overlapping the highly intense peak of 

calcite and aragonite phases [21,24]. 

From Raman analysis, it is implied that no distinct peaks appeared for LD-slag, whereas, the 

intense peak was observed for calcium and carbonate groups which attribute to the presence 

of calcium carbonate in the powder PCC samples.  
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Figure 5.3: The area under the curve of all crystalline and crystalline-amorphous 

phases of samples synthesized with and without sugar. 

Table 5.1: Crystallinity index (CI) value obtained from XRD peaks of all synthetic PCC 

powder samples. 

 

With sugar CI (%) Without sugar CI (%) 

S1 89.53 S1ʹ 72.43 

S2 79.86 S2ʹ 71.44 

S3 87.78 S3ʹ 74.61 

S4 89.22 S4ʹ 74.20 

 

5.2.1.4. Field Emission Scanning Electron Microscopy (FESEM) Study 

The morphological analysis of slag powder has been shown in Figure 5.4. The granular and 

amorphous nature of the sample was observed. It was also observed from the FESEM image 

that some particles have an angular-shaped structure with a flaky appearance. 
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Figure 5.4: FESEM image of steel industry processed LD-slag. 

 

The morphology of precipitated calcium carbonate products derived from reactions at 

different temperatures is shown by FESEM (Figure 5.5). The results revealed that distinct 

cubical morphologies are calcite which is precipitated at low temperatures ranging from 25 to 

35°C for samples 1 and 2, respectively, as shown in Figure 5.5a-c, while disc, plate, and 

hollow-cone architecture type unstable vaterite [25] are observed at 45°C in sample 3, as 

displayed in Figure 5.5d-f. From Figure 5.5h, it was observed that spindle-type aragonite [26] 

dominated at the highest temperature in synthetic CaCO3 polymorph. At 55°C, the flake-like 

aragonite [26] phase was found to be dominant (Figure 5.5i), which was accompanied by 

residues of hollow-four-sided calcite pyramids [25] in sample 4, as illustrated in Figure 5.5g. 

It is apparent from FESEM analysis that most stable calcite phases precipitated first at low 

temperatures (25-35°C), whereas less stable vaterite and aragonite phases appeared at 45 and 

55°C, respectively. The binary mixture of aragonite and calcite phase was observed at 55°C. 

Such phenomenon was attributed to the fact that, as the temperature raised from 45 to 55°C, 
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the aragonite phase soon got transformed into a stable calcite phase. The reason might be the 

sugar-induced aggregation of colloid particles in the crystallization process, as evident from 

hypothesis testing (Figure 5.13). 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

Figure 5.5: FESEM images of synthesized calcium carbonate polymorphs (a)-(c) for 

samples 1 and 2, (d)-(f) for sample 3, and (g)-(i) for sample 4. 
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According to the FESEM results, it can be attributed that, room temperature (25°C) is 

acceptable to achieve the highly crystalline calcite polymorph, however, other phases like 

vaterite and aragonite can be produced at comparatively higher temperatures under the given 

reaction conditions, taking LD-slag as the raw material. 

5.2.1.5. Energy Dispersive X-ray (EDX) Study 

The results of the elemental analysis of LD-slag and reacted samples are shown in Figure 

5.6a-e. The EDX analysis of four reacted samples along with unreacted LD-slag are enlisted 

in Table 5.2. The weight percentage of calcium was found to increase as the temperature of 

the carbonation reaction was increased from 25 to 55°C, as shown in Table 5.2. From Table 

5.2 it also can be seen that the amount of calcium weight percentage was 32.7 wt.% for LD-

slag, whereas for samples 1, 2, 3, and 4 the calcium concentration was found to be 35.6, 53.8, 

61.8, and 81.6 wt.%, respectively. The results indicate that the reaction progressed more at 

higher temperatures and it resulted in more CaCO3 formation with respect to other 

compounds, which decreases the weight percentage of other elements present thus resulting 

in a higher Ca weight percentage. 

5.2.1.6. Field Emission Transmission Electron Microscopy (FETEM) Study 

The FETEM analysis of LD-slag has been shown in Figure 5.7. From the image, it was 

observed that slag particles were amorphous and agglomeration-type. In addition, the halo 

ring pattern found in selected area electron diffraction (SAED) (at inset) reveals the 

amorphous nature of the slag material. 
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Figure 5.6: EDX spectroscopic analysis of (a) LD-slag; (b) sample S1; (c) sample S2; (d) 

sample S3 and (e) sample S4, respectively. The quantitative analysis of the major 

component Ca2+ is enlisted in Table 5.2. 

 

(a) LD-Slag (b) S1 

(c) S2 (d) S3 

(e) S4 
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           Table 5.2: Shows the EDX spectrum of all reacted samples. 

 

Elements Wt.% 

LD-slag 

Calcium (Ca) 32.7 

Oxygen (O) 46.4 

Sample 1 (S1) 

Calcium (Ca) 35.6 

Oxygen (O) 51.8 

Sample 2 (S2) 

Calcium (Ca) 53.8 

Oxygen (O) 46.7 

Sample 3 (S3) 

Calcium (Ca) 61.8 

Oxygen (O) 38.2 

Sample 4 (S4) 

Calcium (Ca) 81.6 

Oxygen (O) 18.4 

 

 

 

 

 

Figure 5.7: FETEM and SAED (selected area electron diffraction) analysis of LD-slag. 
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The results of the FETEM analysis of as-synthesized CaCO3 samples are shown in Figure 

5.8. This microscopic analysis exhibits the different crystalline shapes such as vaterite, 

calcite, and aragonite of the CaCO3 polymorphs at different magnification ranges. Here, 

Figure 5.8a-c refers to samples 1 and 2, Figure 5.8d-f refers to sample 3, and Figure 5.8g-i to 

sample 4, respectively. The results of the FETEM analysis revealed that orthorhombic-cross 

sectional, irregular acicular, needle [27], and rod-type aragonite CaCO3 phase [28] prevailed 

at high temperature ~55°C in sample 4 (Figure 5.8g-i). A similar needle-shaped aragonite 

phase of the synthesized CaCO3 was also obtained in previous work carried out by Fellner et 

al. [27]. FETEM images of the plate-like vaterite [29] phase (Figure 5.8d) at 45°C were 

perceived with a minor amount of irregular aragonite (Figure 5.8e inset) and calcite phase 

(Figure 5.8f), respectively. At lower temperatures (25 to 35°C), the calcite polymorph [30] of 

CaCO3 particles was obtained, as displayed in Figure 5.8a-c, for S1 and S2, respectively. 

Wherein, the rhombohedron-like calcite phase was observed in the FETEM image, as 

illustrated in Figure 5.8b [31]. 

From FETEM analysis, agglomeration and amorphous phase of raw LD-slag were observed. 

FETEM images confirmed the geometrical shape of synthetic CaCO3 polymorphs produced 

from waste LD-slag in a CO2 environment and the presence of sugar as a promoter. 
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Figure 5.8: FETEM images of CaCO3 polymorphs: (a)-(c) indicates for S1 and S2, (d)-(f) 

for S3, and (g)-(i) for S4, respectively. 
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5.2.1.7. SAED and HRTEM characterization 

The corresponding selected area electron diffraction (SAED) and HRTEM patterns of PCC 

polymorphs are presented in Figure 5.9. Relevant SAED of three types of CaCO3 phases are 

given in Figure 5.9a inset, which illustrates that the first ring with a small spot reveals 

polycrystalline material, which means the polymorphs have a more crystalline plane with a 

bright spot near the first ring indicating the crystalline nature of the CaCO3 specimen and the 

other small spot found in the diffusing ring next to the first ring assigned for unreacted 

amorphous material or impurities present in reacted CaCO3 material, which aggregates the 

presence of amorphous aragonite [32]. In addition, the well-defined crystalline plane of (1 0 

4), (1 1 0), and (1 1 3) of the SAED pattern (Figure 5.9a), agreed with the presence of calcite 

phase in the precipitated sample [32,33]. Figure 5.9b shows the lattice spacing of CaCO3 

crystals, which was found to be around 0.31 nm [34]. The SAED pattern of the obtained 

sample revealed the polycrystalline nature of the CaCO3 sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: (a) The SAED pattern of calcite phase (b) crystal size of CaCO3 polymorph 

synthesized at 55°C, and the inserted is the corresponding HRTEM pattern. 
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5.2.1.8. UV-Visible DRS analysis of PCC samples 

In this study, UV-spectroscopy for solid samples was used to determine the whiteness value 

of the obtained PCC samples. It is well known that opaque substances have negligible 

transmittance, so any wavelength of light falling on them is either absorbed or reflected. A 

substance considered to be of white color must reflect all wavelengths of the electromagnetic 

spectrum within the visible range, i.e., from 400-700 nm. As seen in the reflectance plot of 

the lab-grade CaCO3 (purity ≥99.0%, Sigma Aldrich), in Figure 5.10, the reflectance of the 

pure CaCO3 is 98.84%, and the percentage reflectance against wavelength is plotted for all 

prepared CaCO3 samples for comparison. It is observed that with an increase in reaction 

temperature, the precipitated calcium carbonate has an increasing reflectance. Thus, it can be 

set that the sample obtained reaction temperature of 55°C is more intensely reflecting light 

than the sample obtained at other temperatures. However, the reflectance of the obtained PCC 

is skewed towards the higher (reddish) wavelength (Figure 5.10). So, the obtained PCC 

sample has a reduced whiteness value than the lab-grade CaCO3. 

The PCC sample obtained at 55°C exhibits higher reflectance among other samples, which 

reveals the highest whiteness value of that sample. The whiteness of CaCO3 can be increased 

by sintering it at high temperatures, typically above 800°C. However, the exact temperature 

required to achieve the desired whiteness may vary depending on the initial quality of the 

CaCO3, the sintering conditions, and other factors. 
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Figure 5.10: UV-Vis DRS plot of CaCO3 samples prepared at different reaction 

temperatures (25-55°C). 

5.2.1.9. Thermal analysis 

The TGA thermograph of PCC (reacted at 55°C), as shown in Figure 5.11 confirmed the 

existence of CaCO3 after the aqueous phase reaction of LD-slag with CO2. It may be found 

from Figure 5.11a that the thermal degradation of CaCO3 was a two-stage weight loss 

process. In the first stage, the mass loss began around 25°C and continued up to 640°C with a 

weight loss of 15.17%, indicating that the CaCO3 mineral is stable up to that temperature 

range (640°C). The second mass loss is obtained in the temperature range of 640 to 795°C 

with a mass loss of 16.69%, demonstrating the decomposition of CaCO3 to carbon dioxide 

(CO2) and CaO [35]. Differential scanning calorimetry (DSC) was used to examine the 

thermal behavior of the CaCO3 sample, as illustrated in Figure 5.11b. The DSC thermal 

analysis of the CaCO3 polymorph was performed at temperatures ranging from 25 to 1000°C. 

The endothermic band occurred at 360°C and 570°C in the DSC heating curve (Figure 5.11b) 

and is aggregated with the result [36]. Furthermore, another endothermic signal observed at 
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794.9 ~ 795°C revealed the disintegration of calcium carbonate and the release of CO2 and 

CaO [37]. The DSC result of the PCC sample formed at 55°C indicates that the endothermic 

peaks only appeared for the vaterite phase rather than other phases like calcite and aragonite 

which implied less stability of the vaterite polymorph present in the PCC sample. 

 

 

 

 

 

Figure 5.11: (a) TGA and (b) DSC analysis of precipitated calcium carbonate sample 

obtained at 55°C. 

TGA analysis of precipitated calcium carbonate can reveal information about its thermal 

characteristics, such as breakdown and carbonation behavior. These discoveries might be 

helpful for various applications, including understanding its stability, investigating reaction 

kinetics, and improving production methods. 

5.2.1.10. CaO conversion and CaCO3 formation 

The CaO conversion has been elucidated in section 5.1.3. Figure 5.12a and 5.12b illustrates 

the CaO conversion and CaCO3 formation with and without sugar at various reaction 

temperature. The highest CaO conversion and CaCO3 formation were found to be 85.83% 
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and 1.7 g at 55°C, as shown in Figure 5.12a and Figure 5.12a (inset), respectively. As can be 

seen in Figure 5.12b, the CaO conversion as well as the CaCO3 formation declined to ± 39-

40% when the reaction was carried out without sugar. The reason could be less Ca(OH)2 

concentration in the reaction mixture. 

 

 

 

 
 

 

Figure 5.12: (a) CaO conversion and CaCO3 formation at different temperatures with 

table sugar and (b) without sugar. 

 

The aforementioned study showed that the highest CaO conversion and CaCO3 formation 

were attained at 55°C. High temperatures may facilitate the production of more calcium 

carbonate, practical constraints or concerns may exist depending on the individual process or 

application. Excessive heat might cause undesirable reactions, breakdowns, or changes in the 

physical characteristics of the materials obtained after the reaction. 

5.3. Influence of table sugar on the carbonation reaction 

It was suggested that in the presence of sugar, a large concentration of Ca(OH)2 is converted, 

resulting in an increased amount of precipitated calcium carbonate under the CO2 bubbling 

method [38,39]. Literature is scant to establish the hypothesis. Therefore, the Null hypothesis 
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is reported here (Figure 5.13) as there will be no difference in the mean value of the two 

distributions of the Ca(OH)2 concentration in solution with and without table sugar as a 

promoter. The alternate hypothesis is that there will be a notable difference between the two 

means of the distributions of the Ca(OH)2 concentration in solution with and without table 

sugar. In this study, five samples are taken from the experimental data carried out with and 

without table sugar. As the sample size is low “t” statistics are considered instead of the “z” 

distribution. In this case, the mean of with and without table sugar is 1912.64 and 522.12 with 

a standard deviation of 56.20 and 26.83, respectively. In addition, it is found that the degree 

of freedom (DF value) was 8. Furthermore, the difference of the means to has a greater 

significance, hence, considering 0.005 as “α” for this test. From the “t” distribution table it 

was also found that the “t” statistics for the given parameters and conditions is 49.92. The 

corresponding p-value was estimated to be 1.43×10-11. As the p-value is drastically lower 

than α then the Null hypothesis could be rejected with good conviction. The alternate 

hypothesis can be adapted for further investigation i.e. the inclusion of table sugar solution 

enhances the formation of Ca(OH)2 in a relatively quick time which enhances the rate 

kinetics for the production of CaCO3. 

The hypothesis test is evident that the addition of powdered sugar enhances the Ca(OH)2 

concentration which may result in high CaCO3 formation. 
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Figure 5.13: Hypothesis testing (t-value) to establish the influence of table sugar for 

enhancing Ca(OH)2 concentration. 

 

In-depth analysis revealed that the increase in Ca(OH)2 concentration depends not only on the 

presence of sugar but also on the temperature. The Arrhenius equation was used in order to 

establish the hypothesis. As shown in Figure 5.14 and equation 3, the frequency or pre-

exponential factor increases exponentially with reaction temperature, suggesting a higher 

degree of collision between reactant molecules, resulting in a high reaction rate and calcium 

hydroxide concentration. The activation energy for this reaction was found to be 42646±53 J 

mol-1. Other derived parameters are mentioned in Table 5.3. 

The activation energy and pre-exponential factor or frequency factor (A) was calculated from 

the Arrhenius equation, as given in equation (5.3) 

𝐾 = (𝑘0 𝑇
𝑛)exp (

−𝐸𝑎

𝑅𝑇
)                   (5.3) 
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Where, A = 𝐾 𝑇
𝑛, A represents the pre-exponential factor or frequency factor; Ea represents 

activation energy (KJ/mol); R is gas constant (J/mol K), and T is the temperature (K). 

 

 

 

 

Figure 5.14: Graph for pre-exponential factor vs temperature (the value was estimated 

from equation 3). 

 

Table 5.3: Represents the value of k, n, activation energy which is obtained from the 

Arrhenius equation, as mentioned in equation (3). 

 

k0 n Ea (KJ/mol) R (J/mol K) 

3 × 10-93 32.80 42646±53 8.3145 
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5.4. Kinetic models 

The curves related to different kinetic models such as zero-order, pseudo-first-order, and 

pseudo-second-order are shown in Figure 5.15 to investigate the reaction kinetics of the 

Ca(OH)2 production.  

 

 

 

 

 

 

 

Figure 5.15: Different kinetic models (a) zero-order, (b) pseudo-first-order, and (c) 

pseudo-second-order. 
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The kinetic models imply that the increase in the concentration of calcium ions in the solution 

when sugar is added as a promoter is because of the mechanism provided in the following 

section. We find in the mechanism that the concentration of calcium ions is directly 

proportional to the concentration of CaO squared times the concentration of H2O squared. 

However, since water is in excess so a considerable concentration change does not take place, 

thereby, the kinetic rate is directly proportional to the second power of the CaO 

concentration, thus, this becomes a pseudo-second-order reaction (Figure 5.15c). This also 

has been found in our analysis which is given in Figure 5.15 wherein, the rate kinetic models 

are tested for each model of zero-order, pseudo-first, and pseudo-second-order which 

confirms that the earlier presented mechanism suits the best. Table 5.4 displays the results for 

kinetic models estimated for Ca(OH)2 formation with the inclusion of table sugar. As can be 

seen from Table 5.4, the rate constant for the pseudo-first and second-order model was 

estimated as 0.0048 and 0.0005, respectively.  

Table 5.4: Different kinetic variables were obtained from the zero, pseudo-first, and 

pseudo-second-order models. 

 

 Values 

Order of reaction Parameters 

 R2 Intercept K values 

Zero-order kinetic model: 𝑪 =  −𝑲𝒕 + 𝑪𝒐 0 0.060 𝐾𝑡 = 0 

Pseudo-first-order kinetic model: 𝑪𝒕 = 𝑪𝒆(𝟏 − 𝒆
−𝒌𝟏𝒕) 0.985 0.685 𝑘1 = 0.0048 

Pseudo-second-order kinetic model: 𝑪𝒕 =
𝑪𝒆
𝟐𝑲𝟐𝒕

(𝟏+𝑪𝒆𝑲𝟐𝒕)
 0.991 4.94 𝑘2 = 0.0005 
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5.4.1. Reaction mechanism 

The reaction pathway for the dissolution of calcium oxide (CaO), in water in the presence of 

sucrose (C12H22O11) can be 

𝐶𝑎𝑂 + 𝐻2𝑂 
𝐾𝑆𝑃
→   𝐶𝑎(𝑂𝐻)2                   (5.4) 

𝐶𝑎(𝑂𝐻)2 + 𝐶12𝐻22𝑂11 
𝑘1
⇌ 
𝑘−1

𝐶12𝐻22𝑂11. 𝐶𝑎𝑂 + 𝐻2𝑂                  (5.5) 

𝐶𝑎(𝑂𝐻)2 + 𝐶12𝐻22𝑂11. 𝐶𝑎𝑂 
𝑘2
⇌   
𝑘−2

𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂 + 𝐻2𝑂                (5.6) 

𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂 + 2𝐻2𝑂 
𝑘3
⇌   
𝑘−3

𝐶12𝐻22𝑂11 + 2𝐶𝑎
2+(𝑎𝑞) + 4𝑂𝐻−(𝑎𝑞)              (5.7) 

Overall: 

𝐶𝑎𝑂 + 𝐶𝑎(𝑂𝐻)2 + 𝐻2𝑂 
𝐾𝑜𝑏𝑠

𝑠𝑢𝑐𝑟𝑜𝑠𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 2𝐶𝑎2+(𝑎𝑞) + 4𝑂𝐻−(𝑎𝑞)  

5.4.1.1. Reaction Kinetics 

The kinetic parameters of the overall reaction are derived from the aforementioned 

mechanism. The concentration of Ca(OH)2 is derived from equation (5.4)  

𝐾𝑠𝑝 = 
[𝐶𝑎(𝑂𝐻)2]

[𝐶𝑎𝑂]. [𝐻2𝑂]
 

𝑂𝑟, [𝐶𝑎(𝑂𝐻)2] =  𝐾𝑠𝑝. [𝐶𝑎𝑂]. [𝐻2𝑂]                (5.8) 

Similarly, the concentration of the other intermediates is estimated from equations (5.5), 

(5.6), and (5.7), respectively 

𝐾𝑎 = 
𝑘1
𝑘−1

 =  
[𝐶12𝐻22𝑂11. 𝐶𝑎𝑂]. [𝐻2𝑂]

[𝐶12𝐻22𝑂11]. [𝐶𝑎(𝑂𝐻)2]
 

 

𝑂𝑟, [𝐶12𝐻22𝑂11. 𝐶𝑎𝑂] =  𝐾𝑎.
[𝐶12𝐻22𝑂11]. [𝐶𝑎(𝑂𝐻)2]

[𝐻2𝑂]
 

𝑂𝑟, [𝐶12𝐻22𝑂11. 𝐶𝑎𝑂] = 𝐾𝑠𝑝. 𝐾𝑎. [𝐶12𝐻22𝑂11]. [𝐶𝑎𝑂]              (5.9) 
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Again, 𝐾𝑏 = 
𝐾2
𝐾−2

= 
[𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂]. [𝐻2𝑂]

[𝐶12𝐻22𝑂11. 𝐶𝑎𝑂]. [𝐶𝑎(𝑂𝐻)2]
  

𝑂𝑟, [𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂] =  𝐾𝑏 .
[𝐶12𝐻22𝑂11. 𝐶𝑎𝑂]. [𝐶𝑎(𝑂𝐻)2]

[𝐻2𝑂]
 

𝑂𝑟, [𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂] =  𝐾𝑠𝑝
2. 𝐾𝑎. 𝐾𝑏 . [𝐶12𝐻22𝑂11]. [𝐶𝑎𝑂]

2           (5.10) 

𝑁𝑜𝑤,𝐾𝑐 =  
𝐾3
𝐾−3

= 
[𝐶12𝐻22𝑂11]. [𝐶𝑎

2+]2. [𝑂𝐻−]4

[𝐶12𝐻22𝑂11. 2𝐶𝑎𝑂]. [𝐻2𝑂]
2

 

𝑜𝑟, 𝐾𝑐 = 
1

𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏

.
[𝐶𝑎2+]2. [𝑂𝐻−]4

[𝐶𝑎𝑂]2. [𝐻2𝑂]
2

 

𝑜𝑟, 𝐾𝑐 = (
𝟏

𝑲𝒔𝒑√𝑲𝒂𝑲𝒃
.
[𝑪𝒂𝟐+]. [𝑶𝑯−]𝟐

[𝑪𝒂𝑶]. [𝑯𝟐𝑶]
)

𝟐

 

 [𝐶𝑎2+]. [𝑂𝐻−]2 = 𝑲𝒔𝒑. √𝑲𝒂. 𝑲𝒃.𝑲𝒄.. [𝑪𝒂𝑶]. [𝑯𝟐𝑶]         (5.11) 

From equation (5.8) we can establish the rate law as, 

−𝑟𝐴 =  𝐾. [𝐶𝑎𝑂]. [𝐶𝑎(𝑂𝐻)2]. [𝐻2𝑂]               (5.12) 

𝐴𝑙𝑠𝑜, 𝑟𝑝 = 𝐾. [𝐶𝑎
2+]2. [𝑂𝐻−]4               (5.13) 

𝐴𝑛𝑑,−𝑟𝐴 = 𝑟𝑝    

𝐾. [𝐶𝑎𝑂]. [𝐶𝑎(𝑂𝐻)2]. [𝐻2𝑂]  =  𝐾. [𝐶𝑎
2+]2. [𝑂𝐻−]4   

𝑂𝑟, [𝐶𝑎𝑂]. [𝐶𝑎(𝑂𝐻)2]. [𝐻2𝑂] =  𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏.𝐾𝑐.[𝐶𝑎𝑂]

2. [𝐻2𝑂]
2           (5.14) 

𝑂𝑟, [𝐶𝑎(𝑂𝐻)2] =  𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏.𝐾𝑐.[𝐶𝑎𝑂]. [𝐻2𝑂]             (5.15) 

Putting the concentration of calcium hydroxide obtained from equation (5.16) in equation 

(5.13). We get, 

−𝑟𝐴 =  𝐾. 𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏.𝐾𝑐.[𝐶𝑎𝑂]

2. [𝐻2𝑂]
2              (5.16) 

As the following reaction takes place in aqueous media, i.e., water is in extreme abundance, 

we can neglect the change in its concentration. The resultant equation thus becomes a 

pseudo-second-order reaction,  

−𝑟𝐴 =  𝐾. 𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏.𝐾𝑐.[𝐶𝑎𝑂]

2               (5.17) 

Thus, by comparing equations (5.8) and (5.18), we obtain, 
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𝐾𝑜𝑏𝑠 =  𝐾. 𝐾𝑠𝑝
2 . 𝐾𝑎. 𝐾𝑏.𝐾𝑐.                 (5.18) 

5.5. Efficiency of CO2 sequestration in this operation 

The CO2 sequestration efficiency was determined in order to estimate the process’s capacity. 

The CO2 sequestration efficiency value was obtained from equation (5.19) and which is 

nearly (~) 17%. This value has also been verified from TGA (Figure 5.11), as CO2 evolve 

from TGA is around 16.69% which is very close to the efficiency value obtained from 

equation (5.19). And dissolved CO3
2- ions in the water contribute to the remaining carbon 

dioxide concentration as well as efficiency. 

% 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (
𝐶𝑂2𝑖𝑛 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒𝑑 𝐶𝑎𝐶𝑂3+ 𝐶𝑂3

2− 𝑖𝑛 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2𝑖𝑛
) × 100          (5.19) 

As can be seen in Figure 5.16, the maximum dissolution of CO2 (mol/L) was reached at first 

30 minutes and thereafter it reached equilibrium with time. It is also seen from the same 

figure that the CO3
2- concentration profile is following the CO2 dissolve curve wherein, the 

highest CO3
2- concentration was achieved at 30 minutes and then got equilibrium with the 

time. Table 5.5 illustrates a study on CO2 sequestration efficiency, which reveals that the 

efficiency of CO2 sequestration in this study is found to be better than many other reported 

data. Chen et al., 2022 [40], achieved an efficiency of 16.5% with a CO2 flow rate of 200 

mL/mil, which is four times the CO2 flow rate in this study. Revathy et al. 2016 [41], and 

Hou et al., 2020 [42] achieved an efficiency of 27% and 18.9%, respectively, in a pressurized 

environment, thereby increasing the energy demand of the process. 

It was estimated that on a w/w basis, 2 g of CO2 sequestrated in 4 g of LD-slag which gives a 

500 g CO2 sequestration per kilogram of LD-slag. The details calculation are here: 

One mole of CO2 occupies a volume of 22.4 L which equals 985.6 L of CO2. According to 

our study, the CO2 flow rate was 50 mL/minute which gives the consumption of 3.04 L CO2 
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per hour and which will also give 6.08 L CO2 per 2 hours. Then, the gram of CO2 intake was 

(6.08×1.97 (density of CO2, g/L)) which gives 11.97 g of CO2. This study estimated 17% 

CO2 sequestration per 4 g of slag which equals 2.03 g of CO2 per 4 g of LD-slag. According 

to this, 1 kg LD-slag could capture 500 g of carbon dioxide gas. 

 

 

 

 

Figure 5.16: CO3
2- concentration profile with time during the process of CO2 

dissolution. 
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   Table 5.5: CO2 sequestration Efficiency comparison study. 

 

Purity of 

CO2 gas 

(%) 

Alkaline waste 

source/Application 

Process 

parameters 

used 

CO2 

sequestration 

efficiency  

(in %)  

References 

100 

Municipal solid waste 

incineration fly ash 

(MSWI FA) for CO2 

sequestration. 

Temperature: 

at ambient; 

CO2 flow rate: 

200 

mL/minute; 

Reaction time: 

60 minutes 

16.5 [40] 

 

 

 

100 

Industrial raw 

materials limestone 

and sandstone for CO2 

sequestration 

Temperature: 

ambient; 

limestone: 

sandstone 

(78.2:21.8, 

w/w); 

Reaction time: 

60 minutes 

6.75 [43] 

100 
Industrial steel slag for 

CO2 sequestration 

Temperature: 

room 

temperature; 

Pressure: 6 

bar; 

Sequestration 

time: 3 hours; 

liquid to solid 

ratio: 10 

27 [44] 

100 

Rankinite 

(3CaO·2SiO2 or C3S2) 

used as clinker 

Temperature: 

room 

temperature; 

Pressure: 57.4 

MPa; 

Sequestration 

time: 3 days 

18.9 [42] 

100 

Steel industry 

processed LD-slag 

was taken to 

synthesize 

precipitated calcium 

carbonate (PCC) 

Temperature: 

25-55°C; CO2 

flow rate: 50 

mL/minute; 

Sequestration 

time: 2 hours; 

Pressure: 

atmospheric 

pressure 

17 This work 
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5.6. Characterization of PCC samples synthesized without sugar 

5.6.1. FESEM analysis 

Figure 5.17 shows the morphological analysis of PCC samples, produced within a 

temperature range from 25-55°C. From Figure 5.17a it was observed that the non-identical 

and agglomerated calcite phase appeared at ambient temperature (25°C). The FESEM images 

also revealed that, as the reaction temperature is increased from 35 to 55°C, the crystal 

structure of synthesized precipitated calcium carbonate is rhombohedron calcite, which is the 

most stable form of CaCO3 polymorph, as shown in Figure 5.17b-d. One can also notice that 

the flake-like aragonite phase also appeared when the reaction was carried out at 55°C, as 

shown in Figure 5.17d. The morphological analysis of synthetic PCC samples without sugar 

indicates that the supersaturation is not taking place due to Ca(OH)2 deficiency in the absence 

of table sugar, thereby resulting in low interaction between Ca2+ and CO3
2- [1,38] ions. 

The FESEM analysis of as-synthesized sugar-activated CaCO3 crystals (Figure 5.5) and 

without sugar (Figure 5.17) concludes that the shape and orientation of calcium carbonate 

formed in the different samples are due to the formation of various kinetics of CaCO3 

particles in different Ca2+ concentration solutions. CaCO3 particles develop slowly but 

uniformly at low Ca2+ concentrations due to the limited quantity of Ca2+ in the unit volume. 

These particles are subsequently absorbed by surfaces and combine to form larger particles. 

Surface chemistry causes crystals to develop gradually after reaching a threshold size. High 

amounts of CaCO3 are produced in a short period once CO2 formed CO3
2- by dissolving in a 

high Ca2+ concentration solution, which leads to the formation of a dynamic crystal structure. 

The findings are also evident that calcite polymorphs are formed in high Ca2+ concentrations 

[4]. 
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In our study, therefore, calcite crystals are formed at 25°C with sugar (Figure 5.5a-c), 

whereas, prominent calcite phases appeared at 55°C in the sample without sugar. It was also 

stated that less stable vaterite and aragonite will be formed at lower Ca2+ concentrations [45]. 

The study therefore also revealed that the vaterite and aragonite were formed at lower Ca2+ 

supersaturation in solution. Therefore, it is also noticeable from Figure 5.17 that calcite 

polymorph is strongly dominated rather than other polymorphs i.e., vaterite and aragonite in 

the LD-slag processed PCC samples. 

FESEM images of without sugar samples demonstrate that only the calcite phase was 

dominated in all synthesized PCC samples at all temperatures. However, the presence of 

aragonite and calcite was noticed in the CaCO3 sample when the reaction was carried out at 

55°C. From the investigation, it is also evident that increasing temperature leads to the 

formation of better crystallinity of the calcite polymorph. 

5.6.2. FETEM analysis 

Figure 5.18 exhibits the FETEM images with the SAED pattern without sugar-synthesized 

PCC samples. In the SAED pattern as shown in Figure 5.18e, a ring-like pattern was 

observed which reveals that the agglomeration takes place in the sample, indicating a 

collection of tiny crystalline particles with random crystallographic orientations 

(polycrystalline sample) [46]. The corresponding SAED patterns of other FETEM images 

reveal spots superimposed on the diffuse ring. The spots are attributed to the single crystal 

wherein halo ring images appeared in this image, demonstrating the amorphous nature [47] of 

the sample. Therefore, the sample obtained after the reaction is polycrystalline in nature 

which indicates that the CaCO3 polymorphs formed by the carbonation reaction are mostly 

crystalline but composed of several sub-crystals [48]. In addition, the presence of 
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agglomerated rhombohedron calcite phase was also clearly seen, as illustrated in Figure 

5.18c. 

 

 

 

 
 

 

 

 
 

 

Figure 5.17: FESEM images of four samples synthesized without sugar. Where S1
ʹ, S2ʹ, 

S3ʹ, and S4ʹ represents sample produced without sugar within the temperature ranging 

from 25-55°C. 

A conclusion can be made by comparing both the FETEM analysis of synthetic CaCO3 

polymorph as displayed in Figure 5.8 and Figure 5.18 that, precipitated calcium carbonate 

produced in sugar solution has dominated its uniform crystalline polymorphs namely calcite, 

vaterite, and aragonite when CO2 gas was purged into the aqueous mixture, as depicted in 

Figure 5.8. Notably, a crystalline calcite phase was observed (for S4ʹ) in Figure 5.18 along 

with flake-shaped aragonite (Figure 5.18d) when the reaction was conducted without sugar 

and obtained results are in good agreement with FESEM analysis (Figure 5.17d). The above 
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results may be due to the high solubility of hydrated lime (Ca(OH)2) in sugar solution [39] 

rather than only aqueous media, leading to nucleation formation and resulting in the 

production of different CaCO3 polymorphs. 

5.6.3. XRD analysis 

The XRD pattern of without sugar PCC samples has been illustrated in Figure 5.19. Results 

achieved from analysis reveal the presence of only calcite (JCPDS file No. 05-0586) phase in 

the synthesized sample. No vaterite phase has appeared in the XRD profile. However, the 

appearance of a very small peak at 2θ of ~ 42.8° is ascribed to the presence of the aragonite 

phase which corresponds to the crystalline plane of (2 2 0) of the obtained sample. The 

absence of vaterite is presumably due to dominating of the calcite phase in the final sample. 

Samples that were synthesized without sugar had a crystallinity index within the range of 71 

to 74% (Table 5.1, Figure 5.3). Comparing CI data, it can be seen that produced sample with 

sugar was shown a higher CI value rather than PCC samples synthesized without sugar. 

It is well known that the crystallinity index (CI) of a material has been used to describe the 

relative amount of crystalline material present in the sample, which contains both crystalline 

(ordered) and amorphous (less ordered) regions. The crystallinity result indicates that the 

sugar-activated samples comprised more crystalline calcite and less crystalline vaterite and 

aragonite phases than samples synthesized without sugar. Moreover, the CI data also 

demonstrates that sample 3 (S3ʹ) obtained without a sugar solution mixture exhibits higher 

crystallinity (74.61%, (Figure 5.3)) among others. 
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Figure 5.18: (a) to (d) TEM images and (e) to (h) SAED patterns of sample S1ʹ, S2ʹ, S3ʹ, 

and S4ʹ, reacted at temperatures ranging from 25 to 55°C without sugar. 
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Figure 5.19: XRD pattern of calcium carbonate powder synthesized without sugar. 

 

The XRD profiles of the without sugar sample revealed that only the calcite phase of 

precipitated calcium carbonate was observed. The crystallinity index (CI) value was 

calculated from the peaks that appeared in the XRD analysis and it was found that sample S3ʹ 

exhibited better CI among others. 

5.6.4. XPS analysis of with-sugar and without-sugar synthesized CaCO3 

samples 

Figure 5.20a and 5.20b shows the XPS wide-scan spectrum of synthetic PCC, reacted with 

and without sugar. All three elements i.e. C, Ca, and O, were found in both synthesized 

CaCO3 samples. Table 5.6 represents the corresponding atomic concentrations of both the 

CaCO3 powders achieved from the XPS survey. As is shown in Table 5.6, the atomic 
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concentration of Ca 2p spectra in the CaCO3 (reacted with sugar) surface is higher than 

without sugar-synthesized precipitated calcium carbonate. 

As shown in Figures 5.21A and 5.21B, the high-resolution XPS spectra of as-synthesized 

CaCO3 samples were carried out to analyze the C 1s, Ca 2p, and O 1s, elemental peak in 

three polymorphs i.e., calcite, vaterite, and aragonite. In Figure 5.21A, the adventitious 

carbon peak appeared at 284.6 eV, and the binding energy (BE) of a standard C 1s peak at 

289.3±0.2 eV coincided with CO3 in the CaCO3 surface. The binding energies (BEs) and 

peak intensities of calcite, vaterite, and aragonite were identical. The CO3 peak intensity for 

calcite and vaterite was high, whereas, aragonite yielded lower values. The binding energies 

for all three phases are different, and the higher BE only occurred for the aragonite phase. 

The BE 284.6 eV related to an adventitious carbon center deduced from sample 

contamination during air exposure [49]. The Ca 2p spectra of the CaCO3 powder samples 

with high energy resolution revealed two binding energies for Ca 2p1/2 and Ca 2p3/2, as 

depicted in Figure 5.21A. The Ca 2p3/2 and Ca 2p1/2 peaks for calcite, vaterite, and aragonite 

phases reflected binding energies of 346.5, 346.6, 347.2 and 350.2, 350.1, and 350.5 eV, 

respectively. Comparing all three types of polymorphs, the Ca 2p3/2 core level is found to be 

at a low BE on calcite surfaces, which implies that the electron density in calcite around 

calcium atoms in the surface zone is considerably high [50]. However, there was a 3.5±0.1 

eV difference in the chemical shifts of the Ca 2p3/2 and Ca 2p1/2 core levels in the three 

polymorphs of the synthetic CaCO3 sample. These results are almost in good agreement with 

other work [49]. As is shown in Figure 5.21A, the O 1s core-level BE position of calcite, 

vaterite, and aragonite, appears at 531.2, 531.1, and 531.3 eV, respectively (Table 5.7). The 

shoulder peaks for all the polymorphs are discernible and the peaks are segregated at the high 

energy resolution, with a BE of 532.9±0.2 eV. Table 5.7 illustrates XPS parameters for Ca 

2p, C 1s, and O 1s core levels obtained from the with sugar synthesized CaCO3 sample. 
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Figure 5.20: (a) and (b) XPS wide-scan of calcium carbonate demonstrating that C, Ca, 

and O, are the three compositional constituents present in the obtained samples. 

 

 

 Table 5.6: Atomic elemental concentration (at. %) for the CaCO3 surface. 

 

Sample CaCO3 (sugar activated) 

Constituents Ca 2p C 1s O 1s N 1s 

Concentration (at %) 8.93 45.72 45.12 0.24 

Sample CaCO3 (without sugar) 

Constituents Ca 2p C 1s O 1s N 1s 

Concentration (at %) 7.28 33.37 55.20 4.15 

 

 

The high-resolution XPS spectra of Ca 2p, C 1s, and O 1s core levels from the three CaCO3 

surfaces are shown in Figure 5.21B. No drastic change of the Ca 2p, C 1s, and O 1s core-

levels binding energies from three polymorphs of the CaCO3 (without sugar) sample is 

observed as compared with the BE position of three polymorphs found in the CaCO3 (with 

sugar) sample, as shown in Table 5.8. Comparing Ca 2p3/2 core level peak intensity appeared 

from calcite, vaterite, and aragonite surface of both CaCO3 samples, as presented in Figures 

5.21A and 5.21B, it was seen that the higher peak intensity of the Ca 2p3/2 core level is 

TH-3301_186152003



Chapter 5 

 

232 

 

observed in sugar activated CaCO3 sample, implying the higher Ca concentration on the 

surface. 

 

A Ca 2p C 1s O 1s 
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B Ca 2p C 1s O 1s 

  

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 
 

 

Figure 5.21: XPS high-resolution spectra of calcite, vaterite, and aragonite phases of (A) 

calcium carbonate synthesized with sugar and (B) calcium carbonate synthesized 

without sugar. 

One can notice that the corresponding peak intensity of the C-C bond in the C 1s core level is 

relatively higher (Figure 5.21A) rather than in other samples, presumably due to the 

interaction between Ca and carbon-bonded sugar. 
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Table 5.7: XPS parameters for Ca 2p, C 1s, and O 1s core levels from the polymorphs of 

synthetic CaCO3 sample, activated with sugar. 

 

 
Calcite Vaterite Aragonite 

Ca 2p 
Ca 2p3/2 346.5 346.6 347.2 

Ca 2p1/2 350.2 350.1 350.5 

C 1s 

C-C 284.6 284.6 284.6 

C-O 286.2 286.1 286.2 

O-C=O 288.6 288.7 288.5 

CO3 289.3 289.2 289.5 

O 1s 
O-Ca 531.2 531.1 531.3 

C-O 532.9 532.8 533.1 

 

 

 

Table 5.8: XPS parameters for Ca 2p, C 1s, and O 1s core levels from the polymorphs 

without sugar sample. 

  

 
Calcite Vaterite Aragonite 

Ca 2p 
Ca 2p3/2 346.8 346.6 347.2 

Ca 2p1/2 350.3 350.1 350.5 

C 1s 

C-C 284.6 284.6 284.7 

C-O 286.01 285.9 286.1 

O-C=O 287.8 289.3 289.1 

CO3 289.3 289.4 289.8 

O 1s 
O-Ca 531.3 531.2 531.3 

C-O 532.7 532.7 532.7 

 

 

TH-3301_186152003



Chapter 5 
 

235 

 

5.7. Cost analysis of PCC production from LD-slag 

A techno-economic analysis (TEA) is investigated in order to examine the techno-economic 

feasibility of the proposed PCC synthesis. Table 5.9 displays the TEA’s primary financial 

metrics as well as the costs of the associated electricity. In every batch of reaction, 4 g LD-

slag was associated wherein, 1.96 g of CaO was present in weight because LD-slag only 

comprised nearly ~49.15% of CaO of the total slag mass. It was also estimated that a 

maximum of 1.7 g precipitated calcium carbonate was obtained at the highest temperature. It 

is also seen from Table 5.9 that 3.50 USD (~295.65 INR) is required to obtain 1.7 g of pure 

CaCO3 from 4 g of alkaline steel slag. It was also estimated that to prepare 100 g of pure 

CaCO3 3.62 USD is required which is very close to the amount required for 1.7 g of pure 

CaCO3 i.e., 3.50 USD. 

The above cost analysis demonstrates that the synthesis of PCC was a cost-effective process 

since the price of 100 g pure calcium carbonate (Sigma-Aldrich) is ~ 46.19 USD. 
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Table 5.9: Cost analysis of LD-slag derived precipitated calcium carbonate. 

 

Sl. 

no. 

Raw 

Materials 
Values 

Price 

(INR) 

Instrument 

used 
Unit 

Electric 

charge/Unit 

Price 

(INR) 

1. LD-slag 4 g 0.00 Dryer 36 

5.9 

212.4 

2. 

Table 

sugar 

dust 

2 g 0.07 

Hot plate 

magnetic 

stirrer 

1.1 6.49 

3. CO2 gas 
13.46 

g 
48.60    

4. DI water 

99.8 g 

(100 

mL) 

0.39    

   
(A) TOTAL = 

49.89 
  

(B) 

TOTAL 

=218.89 

Overall cost for PCC formation=(A+B)= 

268.78 INR 

Overhead charge = 10% of overall cost = 

0.1×268.78 = 26.87 INR 

Net cost for PCC production = (Overall cost + Overhead charge) = 268.78+26.87 = 

295.65 INR = 3.50 $ 

 

 

Summary 

Production of CaCO3 from LD-slag was found to be cost-effective by CO2 sequestration. 

Table sugar was added as a promoter that enhances the production of CaCO3 in the 

precipitated sample. Three polymorphs of CaCO3 such as calcite, vaterite, and aragonite were 

detected in the obtained samples. Whereas, only the calcite phase was dominated in the 

without sugar-reacted sample. But, at higher temperature mixture of calcite and aragonite 

were noticed. From the experiment, the CO2 sequestration was found to be ~17%. 
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This chapter comprises two segments; the first segment is conclusions, which include the 

results drawn from several works presented in this thesis. The second and last section 

discusses the ideas for future work.  

6.1. Conclusions 

The thesis deals with the preparation and characterization of zeolites and precipitated calcium 

carbonate using steel industry LD-slag as a precursor material. Zeolite type A and X were 

prepared via fusion-facilitated hydrothermal treatment, wherein, zeolite Y was synthesized 

via ultrasound irradiation followed by a fusion-assisted hydrothermal process. Synthesized 

zeolite A was employed for iron removal from drinking water and zeolite X was used for the 

expulsion of cationic dye (methylene blue) from wastewater. Thermal stability and 

framework stability of as-synthesized zeolite A and X were examined at various pH and 

treatment times. Disintegration of zeolite framework was noticed at very low pH and 3 days 

treatment time but no drastic changes were observed at neutral and high basic conditions. 

Thermal stability analysis demonstrates that A-type zeolite exhibits comparatively high 

thermal stability than zeolite X. Nano-sized zeolite Y was coated on PSf substrate via heat 

treatment followed by a phase inversion technique to prepare zeolite nano-layered membrane. 

The modified membrane was employed in the ultrafiltration process to treat the groundwater 

sample. It was found that zeolite-coated membrane is highly capable to reject detrimental 

components like fluoride (F-), chromium (Cr6+), and manganese (Mn2+). On the other hand, 

CaO-enriched LD-slag was found to be a potential raw material for the production of 

precipitated calcium carbonate by CO2 sequestration. The major conclusions from the 

different studies are presented below. 
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Preparation and Characterization of Zeolite from Waste Linz-Donawitz (LD) process 

slag of Steel Industry for Removal of Fe3+ from Drinking Water (Refer Chapter 2): 

Fusion-assisted hydrothermal treatment was used to prepare zeolite A from LD-slag and the 

synthetic zeolite was employed for Fe3+ removal from drinking water on the basis of the 

following details are found: 

 Cubical shape zeolite A was observed from the FESEM analysis of the obtained 

sample (Refer to page 40). 

  BET surface area was reported as 15.1025 m2/g with a mesoporous structure with 

pore volume ranging from 6.76 to 15.4 nm, respectively (Refer page 43). 

 A maximum adsorption capacity of 27.55 mg/g was obtained at a 1.4 g/L adsorbent 

dosage, with 99.99% Fe3+ ion removal (Refer page 51). 

 Zeolite A exhibits high stability at neutral and basic pH but shows less stability at 

acidic media after 3 days of treatment time (Refer to page 47). 

 The batch experiment data of Fe3+ ion uptake onto zeolite A best fitted for the 

Langmuir isotherm model (Refer to page 62). 

Physico-chemical and adsorption study of hydrothermally treated zeolite A and FAU-

type zeolite X prepared from LD (Linz-Donawitz) slag of the steel industry (Refer 

Chapter 3): 

Physico-chemical study of as-synthesized zeolite A and X was examined at various pH and 

treatment times and the following details are found: 

 Zeolite A exhibits the highest degree of thermal and morphological stability as 

compared to X-type zeolite (Refer to pages 83-88). 
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  BET analysis demonstrates that A-type zeolite has a higher surface area than zeolite 

X and the pores of both the samples were found to be in the mesoporous range (Refer 

page 92). 

 Zeolite A showed a maximum adsorption capacity of 25.30 mg/g with the highest 

removal of 98.13% as compared to zeolite X (Refer page 96). 

 The isotherm data obtained from experiments are nicely fitted in the Langmuir model 

with a maximum Langmuir monolayer adsorption capacity of 20 and 25.40 mg/g over 

zeolite A and X, respectively (Refer to page 103). 

Fabrication of LD-slag derived Zeolite Y coated Polysulfone (PSf) membrane for 

decontamination of groundwater (Refer Chapter 4): 

LD-slag-based zeolite Y-coated PSf membrane was fabricated for wastewater treatment 

and on the basis of that the following details are found: 

 The average particle size of the zeolite material was found to be 59.07 nm (Refer 

to Figure 4.3g). 

 The temperature 60°C was found to be the most suited drying temperature among 

others (Refer to Figure 4.6). 

 Morphology assessment revealed the agglomeration of nanoparticles on the 

membrane surface at 1wt.% zeolite concentration. Cross-sectional images of 

surface-modified membranes demonstrate closely packed holes that resemble a 

honeycomb structure (Refer to Figure 4.9). 

 The addition of zeolite Y enhances the surface roughness and zeta potential of the 

PSf membrane (Refer to Table 4.6). 

 Increasing zeolite concentration made the membranes more hydrophilic in nature 

which results in enhanced pure water flux. The highest flux of water was found to 
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be 28.83 L/m2h at 1.37 bar for PSf/Zeolite-1wt.% membrane which is higher as 

compared to other fabricated membranes (Refer Figure 4.12a). 

 After 1-hour ultrafiltration process the permeate fluoride, chromium, and 

manganese concentration were found to be 1.47, 0.00, and 0.39 mg/L (Refer Table 

4.8). 

 The highest adsorption capacity was measured as 2.37 and 1.18 mg/g for Cr6+ and 

Mn2+, respectively (Refer to page 169). 

Synthesis of precipitated calcium carbonate from LD-slag using CO2  

Carbon dioxide gas was sequestrated with the LD-slag and the following details are found: 

 The CO2 sequestration efficiency in this study was found to be ~17% (Refer to page 

221). 

 Table sugar was added as a promoter. With sugar, the CaO conversion was found to 

be 85.83%, whereas, CaO conversion as well as the CaCO3 formation declined to ± 

39-40% when the reaction was carried out without sugar (Refer to page 212). 

 The hypothesis test revealed that the higher Ca(OH)2 conversion occurred from CaO 

in the sugar solution, noting that the formation of higher Ca ions concentrations, 

resulted in higher CaCO3 production (Refer Figure 5.13). 

 Three types of CaCO3 polymorphs were detected namely calcite, vaterite, and 

aragonite when the reaction was carried out with sugar (Refer to Figure 5.5). 

 Only the calcite phase was dominated when the reaction was conducted without 

sugar, however, at a higher reaction temperature (55°C) mixture of calcite and 

aragonite phases were observed (Refer Figure 5.17). 
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6.2. Recommendations for future work 

This section highlights some of the new areas of research, that can be carried out to further 

the preparation and applicability of LD-slag-based zeolite. Some of the important areas of 

recommended research are suggested as an extension of the present study: 

 Zeolites possess a range of acidic or basic sites on their surface. These sites can 

participate in acid-base catalysis, promoting various chemical reactions. So, LD-slag-

derived zeolite can be studied for catalytic applications. 

 The synthesis of various zeolite types from LD-slag and their photo-catalytic 

application in dye degradation has not been studied yet. Further research can focus on 

this. 

 LD-slag-based zeolites and their composites for wastewater treatment can be 

investigated. 

 A Composite of LD-slag derived geo-polymer and zeolite and its application towards 

wastewater treatment is suggested for future study. 
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A. Error analysis 

The errors in experimentally measured quantities and in parameters calculated from those 

measurements are important in that they determine the accuracy of calculation and 

predictions using those quantities. There are two types of errors viz. systematic error and 

random error. Systematic errors are the results of faulty assumptions or improper 

experimental measuring techniques. In this work, care was taken in eliminating systematic 

errors by appropriately designing the experiments and adopting qualified methods for the 

analysis of the data. On the other hand, random errors result from variations in the precision 

of measuring parameters and the slight variations that occur in successive measurements 

made by the same observer under nearly identical conditions. Random errors cannot be 

eliminated. The focus of the error analysis presented in this section is on random errors.  

In most of the experiments performed in this work, the quantities that are measured 

directly are concentrations and permeate flow rates which are used to determine the rejection 

(%) and permeate flux, respectively. 

A.1. Error in the measurement of fluoride concentration in permeate 

Fluoride concentration in the aqueous phase was calculated by measuring the value obtained 

from the fluoride ion meter. A calibration curve was prepared by taking standard fluoride 

concentrations of 1 and 10 mg/L. The obtained slope value from the calibration curve would 

be in the range of -53 to -54 eV and the permeate fluoride concentration was determined from 

the slope value.   

Thus, every measurement of fluoride concentration in permeation is associated with an error 

of 0.05 % whose effect on rejection values of fluoride can be ignored.  
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A.2. Error in the measurement of permeate flux 

The errors in the values of permeate flux are related to the errors in the measurements used to 

calculate those values. In this section, statistical analysis is used for the estimation of 

uncertainty associated with the values of permeate flux. Determination of standard deviation 

is generally considered to be one of the best methods to estimate uncertainty which is based 

on the following method: 

If 
1u  

2u ......................, 
Nu  are the N  results of the measurements  of a particular quantity u , 

then the mean value of u  (i.e.u ), is defined by 
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The uncertainty in the result is usually expressed as “root-mean-squared-deviation”, which is 

denoted as u , which is computed using the following Equation. (A.2): 
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In the present work, all the membranes were cleaned thoroughly following each experiment. 

Besides, before each experiment, the performance of all the membranes was checked through 

pure water flux (PWF) measurement; hence uncertainties involved in the PWF measurements 

are reported here. The uncertainties involved in different experimental measurements for 

(PWF) for membranes PSf, PSf/Zeolite-0.1wt.%, and PSf/Zeolite-1wt.% and shown in Table 

A.1.  
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Table A.1. Values of uncertainties estimated in PWF measurements for membranes 

PSf, PSf/Zeolite-0.1wt.%, and PSf/Zeolite-1wt.%. 

 

Membranes Pure Water Flux (L/m2h)    

 Run 1 Run 2 Run 3 u  u  

Uncertainties 

(%) 

 

PSf 5.76 6.12 6 5.96 0.18 0.08 

PSf/Zeolite-0.1wt.% 15.7 16.25 15.2 15.71 0.52 0.27 

PSf/Zeolite-1wt.% 28.83 30.40 29.7 29.64 0.39 0.38 
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