
SYNTHESIS OF FUNCTIONAL ZEOLITIC ADSORBENTS 

USING RICE HUSK ASH-DERIVED SiO2 

VIA DRY-GEL CONVERSION METHOD 

FOR REMOVAL OF POLLUTANTS FROM WATER 

 

 

 

 

 

A Doctoral Dissertation by 

Vanpaseuth PHOUTHAVONG 

 

 

MARCH 2024 

 

 

DEPARTMENT OF CHEMICAL SYSTEMS ENGINEERING 

GRADUATE SCHOOL OF ENGINEERING 

NAGOYA UNIVERSITY





   
 

Table of Content 

Title Page 

CHAPTER 1 Introduction 

1.1 Removal of pollutants by adsorption   4 

1.2 Zeolites and their environmental applications    7 

1.3 Magnetic adsorbents  11 

1.4 Synthesis of magnetic zeolite composites  14 

1.4.1 Conventional methods  14 

1.4.2 Dry-gel conversion method  16 

1.5 Agricultural wastes and their environmental utilizations  18 

1.6 Objective of this dissertation  19 

1.7 Structure overview of this dissertation  20 

References  21 

CHAPTER 2 Dry-gel conversion synthesis of magnetic BEA zeolite: optimization of 

synthesis conditions and assessment of antibiotic adsorption 

2.1 Background  35 

2.1.1 Antibiotics in environments: sources and effects  35 

2.1.2 Removal of sulfonamide by adsorption using zeolitic adsorbents  38 

2.1.3 BEA zeolite  38 

2.1.4 Synthesis of magnetic BEA zeolite via DGC method  40    

2.2 Objective  40 

2.3 Materials  41 

2.4 Dry-gel conversion synthesis and characterization of magnetic BEA zeolite  43 

2.4.1 Effect of H2O/gel ratio  43 

2.4.2 Effect of crystallization temperature  47 

2.4.3 Effect of crystallization time  49 

2.5 Effect of calcination temperature on magnetic properties  51 

2.6 Determination of SFDZ adsorption performance  55 



   
 

2.6.1 Adsorption isotherms  56 

2.6.2 Effect of pH on SFDZ adsorption  58 

2.7 Reusability of the adsorbents and evaluation for practical application  60 

2.8 Conclusion  63 

References  64 

CHAPTER 3 Using rice husk ash–SiO2 in dry-gel conversion synthesis of magnetic 

BEA zeolite: assessment of herbicide removal 

3.1 Background  73 

3.1.1 Environmental impact of using herbicides  73 

3.1.2 Removal of paraquat from water by adsorption  74 

3.1.3 Rice husk: a potential source of SiO2  74   

3.2 Objective  76 

3.3 Materials  76 

3.4 DGC synthesis of magnetic BEA zeolite using RHA-SiO2  78 

3.4.1 Characterization of RHA-SiO2   78 

3.4.2 Preparation of dry precursor gel using solid RHA-SiO2     79 

3.4.3 Characterization of the calcined samples     81 

3.4.4 DGC synthesis of lower Si/Al using RHA-SiO2     83 

3.5 Determination of paraquat adsorption performance  86 

3.5.1 Adsorption kinetics  87 

3.5.2 Adsorption isotherms  89 

3.5.3 Effect of initial pH on paraquat adsorption  91 

3.5.4 Possible interactions between paraquat and the synthesized adsorbents  93 

3.6 Magnetic separability of the adsorbents from aqueous solutions  94 

3.7 Reusability and ions leached from the adsorbents during adsorption  96 

3.8 Co-adsorption tests  98 

3.8.1 Paraquat adsorption with co-existing of blue dye  98 

3.8.2 Paraquat adsorption with co-existing of diquat  99 

3.9 Comparison of adsorption performance of this work with other adsorbents              101 



   
 

3.10 Conclusion  105 

References  106 

CHAPTER 4 Removal of heavy metals by magnetic BEA zeolite prepared  

using rice husk ash–SiO2 in dry-gel conversion method  

4.1 Background  115 

4.1.1 Heavy metals: potential sources and environmental effects  115 

4.1.2 Adsorption of heavy metals using zeolitic adsorbents  116 

4.2 Objective  118 

4.3 Materials  118 

4.4 Adsorption of heavy metals  120 

4.4.1 Effect of Si/Al ratio of the synthesized magnetic RHAS-BEA  120 

4.4.2 Adsorption kinetics  121 

4.4.3 Adsorption isotherms  125 

4.4.4 Adsorption in mixed-ion system and possible adsorption mechanism  129 

4.5 Reusability and stability of the adsorbents  134 

4.6 Conclusion  138 

References  139 

CHAPTER 5 Conclusion  149 

ACHIEVEMENTS  151 

ACKNOWLEDGEMENT  154 

 





  Page | 1 
 

CHAPTER 1 

Introduction 

Anthropogenic activities including rapid industrialization and agriculture are the main 

sources of environmental contamination, especially water pollution, arising due to the huge 

growth in global population. The Food and Agricultural Organization of the United Nations 

estimated that approximately 1.9 billion people will be affected by lacking of clean water 

sources by 2050 [1]. Unfortunately, various organic and inorganic compounds have been 

improperly discharged from industrial effluents, agricultural and daily activities as shown 

in Figure 1.1 [2]. Contamination of these compounds in water at unsafe levels led to water 

pollution which severely threatens human health and ecosystems. Development of effective 

removal tools of water contaminations are therefore necessary to support the large 

increasing in global clean water demand that may happen in near future.    

 

Figure 1.1 Various organic and inorganic pollutants discharged in water 

Besides industry, it is reported that agriculture has become a leading source of water 

pollution [3]. In modern agricultural activities, huge amounts of agrochemicals are 

consumed in order to increase crops and livestock products for supplying the global food 

demand. Use of agrochemicals is not only accountable for improving crop and livestock 

production but for releasing harmful substances, i.e., inorganic cations (heavy metals) [4] 
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and anions (nitrogen and phosphorus) [5], pesticides (including herbicides and insecticides) 

[6], and contaminants of emerging concern (CECs), i.e., antibiotics and hormones, into 

waterbodies as well. Contamination of these substances in water sources definitely 

threatens human health and ecosystems [3,7]. Removal of these contaminants from water 

is consequently necessary which can be done by physical, chemical and biological methods 

[8]. The physical method, i.e., adsorption using adsorbents, is said to be the most effective 

way in that the diversity in adsorbents make this method suitable for attracting various types 

of pollutants with relative high removal efficiency. Moreover, handling of the adsorbents 

becomes simpler when the adsorbents are integrated with magnetic particles because the 

collection of the adsorbents can be accelerated by a magnetic field. This feature makes 

adsorbents more attractive and cost-effective. Among various adsorbents, microporous 

aluminosilicate materials, i.e., zeolites, is focused in this dissertation owing to their wide 

range adsorption abilities for organic and inorganic pollutants and stability, which play 

essential roles in wastewater treatment [9].      

Laos is said to be one of the agriculture-based countries in that the economy and society 

rely on agriculture, accounting for approximately one fourth of Gross Domestic Product 

[10]. More than 90% of the agricultural area is used for rice production, especially sticky 

rice which is a typical food in daily meals for Lao people. Moreover, the land is also used 

for growing other essential crops such as cassava, soybeans, cotton, sugarcane, coffee, etc. 

Therefore, a large quantity of agricultural wastes, including rice husk, sugarcane tops, and 

cassava stalks, is produced annually, reaching approximately twelve million tons in 2016 

[11]. Besides crop productions, livestock manufacturing is also potentially growing in Laos 

which consequently leads to increasing the consumption of antibiotics and generation of 

livestock manures [11,12]. Since waste management capacities in Laos are reported to be 

insufficient, handling of an overloaded amount of waste is therefore problematic. Utilizing 

of agricultural wastes as biomass for producing green energy mainly leave behind residue 

as secondary wastes. Ash that left behind from the incineration of rice husk is an example 

of the aforementioned problem. On the other hand, rice husk ash is said to have highly silica 

(SiO2) content (approximately 90% [13]) which can be further utilized as a lower-cost SiO2 
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source for preparing SiO2-based advanced materials, such as magnetic zeolite composites. 

The application of such recycled waste as a SiO2 source in the conventional hydrothermal 

methods yet causes environmental issue since a large amount of solvent is consumed in the 

synthesis and to wash the products, resulting in vast amount of wastewater. Dry-gel 

conversion method is considered as a promising route for synthesis of magnetic zeolite 

composites since it provides uniform crystalline products with higher yield compared to the 

conventional hydrothermal route [14]. This method practically requires no washing of the 

product after synthesis which means generation of waste becomes less. Thus, dry-gel 

conversion is environmentally friendly method. Moreover, if the agricultural waste-derived 

materials, i.e., rice husk ash-derived SiO2, can be directly utilized as a SiO2 source in dry-

gel conversion method, the synthesis route of zeolites shall be more sustainable and eco-

friendlier. The magnetic zeolite composites obtained from the proposed method can be 

exploited as adsorbents for removal of contaminants from water that is affected from using 

agrochemicals. This shall be implemented not only in Laos but for global community in 

order to reduce water pollution.  

Figure 1.2 illustrates the overall concept of this doctoral research theme which aims for 

addressing the sustainability of utilizing and circulating materials which comply with the 

Sustainable Development Goals (SDGs). Scope of this doctoral research is to develop an 

environmentally friendly and sustainable synthesis method for magnetic zeolite composites 

by: 

(i) utilizing agricultural waste-derived materials, i.e., rice husk ash-derived SiO2, 

as a low-cost ingredient in synthesizing magnetic zeolite composites via dry-

gel conversion method, and 

(ii) evaluating adsorption performance of the composites for removal of 

agrochemical contaminants from water. 
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Figure 1.2 Overall concept of this doctoral research theme. 

1.1 Removal of pollutants in water by adsorption 

Adsorption in wastewater treatment is a process that the target pollutant(s) 

(adsorbate(s)) is transferred from the water phase to the surface of adsorbent through 

attractive forces [15]. Types of interaction taken place between the adsorbate(s) and the 

adsorbent surface vary depending on nature of the pollutant(s) and adsorbent. The 

interaction can be categorized based on the activation energy of adsorption. Ones with lower 

energy than 40 kJ/mol [16] are classified as physisorption such as Van Der Waals and 

dipole-dipole forces [17], or interactions that do not alter the electronic state of the 

adsorbate(s), i.e., electrostatic interaction and chelation [18]. Whereas chemisorption takes 

place via stronger interactions with higher energy than this energy level [16]. During the 

adsorption, transferring of the target pollutant(s) to the adsorbent surface generally takes 

place via three kinetic steps as shown in Figure 1.3. In step 1, the adsorbate(s) diffuses from 

the bulk solution through the external boundary layer, called external diffusion. Then, the 

adsorbate(s) diffuses in pores of the adsorbent which located inside the adsorbent. Therefore, 
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this step is called internal diffusion, pore-diffusion [19] or intraparticle diffusion [20]. 

Finally, the adsorbate(s) interacts with the active sites of the adsorbent through surface 

reaction [19]. 

 

Figure 1.3 Three kinetic steps take place during adsorption on porous materials [20]. 

Several factors regarding the properties of adsorbents define the effectiveness of 

adsorption, such as surface area, surface functional groups, pore sizes, pore dimension, and 

pore distribution [21]. Moreover, economic factors such as synthesis cost and reusability 

are also of importance. However, when compared with various wastewater treatment 

techniques, adsorption is considered as a simple, cost-effective, and ecofriendly physical 

process which shows pollutant removal efficiency up to 99.9%. The high efficiency makes 

it the best water treatment technique according to the United States Environmental 

Protection Agency [8]. 

Types of adsorbents are actually diverse. Classification of adsorbents used in 

wastewater treatment is thus ambiguous because there is unclear boundary among them. 

Adsorbents that have been widely used in wastewater treatment for decades such as 

activated carbon, ion exchange polymeric resin, and zeolites are classified as conventional 

adsorbents [22]. Owing to the variety in emerging pollutants, many novel adsorbents, such 

as new materials, modification or combination of conventional adsorbents with different 
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functional materials as composites, have been developed. Many types of adsorbents have 

also been developed and employed in removal of agrochemical contaminants from water. 

Some examples of the adsorbents reported in the literatures are shown in Table 1.1. Among 

various adsorbents, zeolites are a group of aluminosilicate compounds with well-defined 

pore sizes, synthesizable with tunable composition, and thermally stable [23]. They show 

excellent adsorption properties toward a broad range of target substances. For these reasons, 

zeolites have received attention in this doctoral research. 

Table 1.1 Adsorbents used in removal of potential agrochemicals from wastewater 

Pollutants Examples of adsorbents 

Pesticides (including 

herbicides, 

insecticides, and 

fungicides) 

Carbonaceous materials (activated carbon, biochar, etc.) [24], 

biopolymers [24], graphene-based materials [24], metal 

organic frameworks (MOFs) [24], fly ash [24], zeolites [24], 

agricultural-waste biosorbents [6], clays [6] 

Heavy metals Carbonaceous materials (activated carbon, biochar, carbon 

nanotubes (CNTs), and graphene oxide-based materials) 

[25,26], MOFs [27], covalent organic frameworks (COFs) 

[28], layered double hydroxides (LDHs) [29], agricultural-

waste biosorbents [30], zeolites [31], clays [32], mesoporous 

SiO2 [33]  

Antibiotics Carbonaceous materials (including activated carbon, biochar 

and their composites, etc.) [34], MOFs [34], clays [34], 

agricultural-waste biosorbents [34], biopolymers [34], 

zeolites [35], metal oxides [36], COFs [36], molecular 

imprinted polymers [37], polymer of intrinsic microporosity 

[38] 

Hormones Carbonaceous materials (including activated carbon, biochar, 

carbon nanotubes) [39], LDHs [39], biopolymers [39], 

agricultural-waste biosorbents [39], zeolites [40] 
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1.2 Zeolites and their environmental applications 

Zeolites, named as “boiling stones” in 1756 by a Swedish mineralogist Axel Fredrik 

Cronsted [23], who firstly observed steam released when the material was heated, are 

naturally generated as a result of thousand-of-year reaction between hot magma erupted 

from volcano and sea water [41]. Zeolites are crystalline materials that are generally 

composed of silicon (Si), aluminum (Al), and oxygen (O) as the so-called aluminosilicate 

compounds. The Si–O and Al–O bonds form tetrahedral [SiO4]4− and [AlO4]5− primary 

building units (PBU), respectively, and connect to each other by a shared O atom as T–O–

T, where T represents Si or Al (Figure 1.4), with a general chemical formula: 

Ma/b[(AlO2)a(SiO2)y]·cH2O. In the formula of a unit cell, M is the counter cation i.e., Na+, 

K+. Ca2+, H+, etc., which balances the negative charge on [AlO2]−, a is the number of 

[AlO4]5−, b is the valence of the cation, y is the number of [SiO4]4−, and c is the amount of 

water molecule per unit cell [42,43].  

 

Figure 1.4 Tetrahedral [SiO4]4− and [AlO4]5− primary building units and their connection 

as T–O–T. 

The linkage of PBUs in a unit cell create various secondary building units (SBUs) 

which further connect with each other to form tertiary units or to build polyhedra. These 

building units periodically connect with each other, yielding more than 220 various and 

uniform porous zeolite structures including natural and synthetic ones [44,45]. An example 

of LTA zeolite formation is illustrated in Figure 1.5. 
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Figure 1.5 Formation of LTA zeolite from PBUs, SBUs (4MR), and tertiary units (D4R). 

TO4 represents SiO4 or AlO4. Reprinted with permission from Schwanke, A.J., Balzer, R., 

Pergher, S. (2019). Microporous and Mesoporous Materials from Natural and Inexpensive 

Sources. In: Martínez, L., Kharissova, O., Kharisov, B. (eds) Handbook of Ecomaterials. 

Springer, Cham. [46], Springer Nature. 

Zeolites were firstly discovered as naturally occurred compounds, until 1862 the first 

synthetic zeolite, levyne, was synthesized by Sainte-Claire-Deville M. H. [23,47]. Some 

well-known zeolite structures are illustrated in Figure 1.6, and more framework types can 

be found in the International Zeolite Association website: http://www.iza-online.org/. 

 

Figure 1.6 Structures of some well-known zeolites. Reprinted with permission from E. 

Pérez-Botella, S. Valencia, F. Rey [23], American Chemical Society, under the terms and 

conditions of the Creative Commons Attribution 4.0 (CC BY 4.0) license. 

http://www.iza-online.org/
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Zeolites can be classified based on their pore size ranges and Si/Al ratios. Basically, 

pore size of a unit zeolite crystal is below 2 nm which assigned to microporous materials. 

However, the interparticle connection of zeolite crystals creates different channels and 

cavities with larger size up to mesopore (2–50 nm) and macropore (>50 nm) ranges [48]. 

Zeolites are sometimes called small-pore (≤8-ring), medium-pore (10-ring), large-pore (12-

ring), and extra-large-pore (≥12-ring) according to the number of PBUs that form the largest 

pore window (i.e., ring) [49] as shown in Figure 1.7. 

 

Figure 1.7 Structures of some common zeolites showing their pore sizes based on PBU 

number-ring [49]. Reprinted from Chem, 3, Yi Li, Lin Li, Jihong Yu, Applications of 

zeolites in sustainable chemistry, 928–949, Copyright (2017), with permission from 

Elsevier. 
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Based on the Si/Al ratio, zeolites can be categorized as low-silica or Al-rich, medium-

silica, high-silica or Si-rich, and pure silica (Si/Al = ∞) zeolite. The definite ranges of Si/Al 

for a particular Al-rich or Si-rich zeolites vary depending on the framework types. For 

example, FAU-type becomes high-silica when the Si/Al > 3 while BEA-type is Si-rich 

when the Si/Al > 10 [50]. When the Si/Al changes, the amount of negative charge due to 

[AlO2]− alters the hydrophobicity of zeolites, namely, the lower Al content, the higher 

hydrophobicity. Some other properties of zeolites are also strongly Si/Al ratio-dependent 

such as acidity, thermal stability, and catalytic properties [51]. These tunable Si/Al ratios 

with various pore sizes and unique properties of zeolites make them very useful in broad 

applications as catalysts in industries, biomass conversion, fuel cells, thermal energy 

storage [49,50], and adsorbents or ion exchangers in environmental treatment [50]. Zeolites 

are additionally approved as safe substances by the United States Food and Drug 

Administration, the European Food Safety Authority, the International Agency for 

Research on Cancer, and the Codex Alimentarius Commission, they are thus also applied 

in food productions as antimicrobial materials, fillers for food packaging and so on [52]. 

In spite of the fact that zeolites have wide range of applications, the scope of this 

dissertation will focus on environmental applications. Small-pore zeolites exhibit molecular 

sieve properties that are selective to specific molecules or ions, known as molecular sieve 

effect. Therefore, pore diffusion depends on size of the target molecules. This property is 

applied as zeolite membranes in gas separation to purify natural gases [53] or to capture 

toxic gases released from industrial productions [54]. Furthermore, owing to the 

optimizable hydrophobicity or ion exchange capacity, zeolites are utilized as adsorbents in 

removal of many organic and inorganic species from water during wastewater treatment. 

The application ranges from adsorption of inorganic species i.e., hardness-causing cations 

(Ca2+, Mg2+), heavy metals (Pb(II), Cd(II), Cr(III), Ni(II), Cu(II), etc.) to organic pollutants 

such as cationic organic dyes (methylene blue, rhodamine B, crystal violet, etc.), organic 

solvents (benzene, toluene), phenolic compounds, pesticides [55], and micro-organic 

pollutants (pharmaceuticals, personal care products, etc.) [56]. According to the literature 

survey, removal efficiency above 90% can be accomplished using zeolites. However, 
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sometimes adsorption performance of zeolites can be enhanced by modifying the surface 

or compositing with other materials such as minerals, metal oxides, magnetic particles, 

activated carbon, reduced graphene oxide, polymers, biopolymers [9], and photocatalysts 

[57]. One outstanding features among them is magnetic zeolite composites in which the 

magnetic content allows for easy collection of the adsorbents after adsorption process by 

means of external magnetic field. This advantage point is very useful in practical 

applications. 

1.3 Magnetic adsorbents 

Magnetic adsorbents are referred to adsorbents that show magnetic response to external 

magnetic field, which basically contains magnetic elements such as Fe, Co, and Ni. Some 

examples of magnetic adsorbents are iron oxides and ferrites (MFe2O4, where M can be Co, 

Ni, Mn, Zn, Mg, etc.) [58]. When these paramagnetic materials are placed in a magnetic 

field (H), their randomly aligned atomic magnetic moments rearrange in the same direction 

which results in a small net magnetic moment. These materials are also called ferromagnetic 

materials. Then, their magnetic strength (M) increases to saturation point, called saturation 

magnetization (Ms). 

 

Figure 1.8 Hysteresis loop of magnetization when magnetic field is applied to 

ferromagnetic materials [59]. Reprinted from Progress in Crystal Growth and 

Characterization of Materials, 55, Amyn S. Teja, Pei-Yoong Koh, Synthesis, properties, 

and applications of magnetic iron oxide nanoparticles, 22–45, Copyright (2008), with 

permission from Elsevier. 
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When H is removed and reduces to zero, M values decreases but remains to some extent 

at remanence point (MR). In order to completely return M values to zero, coercive field (HC) 

must be applied in an opposite direction. Ferromagnetic materials typically create the 

hysteresis loop as shown in Figure 1.8 [59]. Magnetite (Fe3O4) is the most widely used 

magnetic particles among other magnetic iron oxides, i.e., maghemite (γ-Fe2O3) and 

hematite (α-Fe2O3), due to its superior magnetism, biocompatibility and environmentally 

friendliness [59,60]. Fe3O4 shows relatively high chemical reactivity and easily oxidizes, 

which degrades its magnetic properties. This drawback limits its direct use as adsorbents 

although it possesses adsorption ability to some extent owing to the abundancy of hydroxy 

groups on the surface upon exposure in aqueous environment [61]. However, the magnetic 

properties are widely implemented by integrating magnetic particles with diverse 

adsorbents such as clays (including zeolites), carbon-based materials, polymers, metal 

organic frameworks, covalent organic frameworks [62], and biosorbents [63]. In this 

manner, the collection of adsorbents is much easier than the conventional filtration or 

sedimentation of non-magnetic adsorbents. The used magnetically collected adsorbents can 

be regenerated and subsequently reused for another several cycles. The manipulation of 

magnetic separation at laboratory-scale can be simply done by decantation as presented in 

Figure 1.9 [64]. In practical larger scale, separation and collection of magnetic adsorbents 

could be carried out using gradient magnetic separators with various design as depicted in 

Figure 1.10 [65]. As seen, the separator can be operated in cyclic or continuous mode. 

Highly effective separation of magnetic adsorbents that have very small particle sizes can 

be accomplished using the separator design that equipped with magnetic flux density above 

1 T [65]. 
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Figure 1.9 Magnetic separation of magnetic adsorbents in laboratory scale [64]. 

Reprinted with permission from “Mariana de Rezende Bonesio and Fábio Luiz Pissetti, 

Magnetite particles covered by amino-functionalized poly(dimethylsiloxane) network for 

copper(II) adsorption from aqueous solution, Journal of Sol-Gel Science and Technology, 

94, 154–164, 2020, Springer Nature”. 

 

Figure 1.10 Magnetic separation technologies in larger scales using gradient-magnetic 

separators [65]. Reprinted from Current Opinion in Colloid & Interface Science, 46, 

Matthias Franzreb, New classes of selective separations exploiting magnetic adsorbents, 

65–76, Copyright (2020), with permission from Elsevier. 
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Considering the unique adsorption abilities of zeolites and the advantage of using 

magnetic particles, composite of these two materials is of interest in this dissertation. 

Magnetic zeolite is therefore evaluated as a good candidate that shall improve effectiveness 

and efficiency in removal of various types of pollutants from wastewater. Development of 

a synthesis method that provides magnetic zeolite with well-incorporation of magnetic 

particles and high productivity is still challenging. 

1.4 Synthesis of magnetic zeolite composites 

1.4.1 Conventional methods 

So far, magnetic zeolite composites can be conventionally prepared by few routes 

(Figure 1.11). According to the literatures, attaching zeolites and magnetic particles (see 

route (i) in Figure 1.11), i.e., iron oxides, using adhesives is found to be the simplest way. 

Organic adhesive such as urethane in combination with a thinner [66] and polyvinyl alcohol 

[67] are used to bind pre-synthesized or commercial zeolite and magnetic particles together. 

The attachment can be easily carried out even at low temperature, i.e., 60 °C [66]. However, 

the physical binding between zeolites and magnetic particles could shorten the stability of 

the composites and the presence of adhesive shall affect the adsorption properties [68]. 

Another synthesis route is synthesizing magnetic particles in the presence of pre-

synthesized or commercial zeolites using co-precipitation of iron salts [69] or pyrolysis of 

Fe(III)-impregnated zeolite under carboxylic acid vapor [70] (see route (ii) in Figure 1.11). 

In these ways, magnetic iron oxides are formed and precipitated on the surface of zeolites. 

As a result of the above two synthesis routes, the magnetic particles are not well protected 

which is prone to be easily oxidized when expose to aqueous solutions [71]. 
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Figure 1.11 Conventional routes for synthesis of magnetic zeolite composites. 

One more approach is crystallizing zeolites using conventional hydrothermal 

synthesis in the presence of pre-synthesized or commercial magnetic particles (see route 

(iii) in Figure 1.11). By this manner, crystallization of zeolite randomly takes place around 

magnetic particles which allows incorporation of some magnetic particles to be fixed inside 

zeolite crystals. However, the magnetic zeolite yield is relatively low since the 

crystallization relies on probability. To increase yield, the magnetic particles can be pre-

mixed with zeolite seed crystals by methods such as mechanical milling in order to promote 

the nucleation right near the magnetic particles. Additionally, this method can also shorten 

the hydrothermal synthesis time by providing the nucleation points [72] (see route (iv) in 

Figure 1.11). The pre-milled additives create larger number of nuclei due to vast seed 
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embedment, resulting in smaller particle sizes in the final product. However, these methods 

are carried out in large solution volumes and require washing solutions to obtain clean 

products. A method that permits more crystallization of zeolite around the magnetic 

particles in a lower solution volume is necessary to reduce waste generation. 

1.4.2 Dry-gel conversion method 

In 1990, Xu et al. discovered that large excess amount of water is not necessary for 

crystallizing MFI zeolite during hydrothermal synthesis. In their experiments, a mixture of 

water, organic solvent and volatile organic template was separately placed at the bottom of 

the closed vessel, while the amorphous gel was placed on a porous sieve plate without direct 

contact with the solvents, as shown in Figure 1.12 [73]. This vapor-phase method allowed 

for reusing the solvents which reduced consumption of organic solvents. However, this 

method is not suitable when non-volatile organic templates are used. 

 

Figure 1.12 The reaction vessel used in vapor-phase method consists of container (a), 

amorphous gel (b), porous sieve plate (c), stainless steel supporter (d), and solution phase 

(e) [73]. Used with permission of Royal Society of Chemistry, from Journal of the 

Chemical Society, Chemical Communications, A novel method for the preparation of 

Zeolite ZSM-5, Xu et al., issue 10, 1990; permission conveyed through Copyright 

Clearance Center, Inc. 
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In 1993, Sano et al. attempted to monitored the crystal growth of MFI from dry 

amorphous gel under steaming conditions. This work succeeded in using an amorphous gel 

that was prepared by direct mixing the organic template with other precursor ingredients, 

and only water was required in the vapor supplier phase [74]. Three years later, Hari Prasad 

Rao and Matsukata succeeded in using a similar method to prepare high-silica BEA zeolite 

by converting a dried amorphous gel including tetraethyl ammonium hydroxide as a 

template to crystalline BEA zeolite under steam conditions. This method allowed for 

complete conversion of dry gel to zeolite crystals with a uniform particle size. The authors 

therefore called this method as dry-gel conversion (DGC) for the first time [75]. These 

developed methods indicate that large solution volume is not necessary for crystallization 

of zeolites–that means the crystallization can take place in a denser gel (Figure 1.13a). 

Hence, the synthesis of magnetic zeolite composite could become possible if magnetic 

particles are added during the amorphous gel preparation. The dense precursor gel shall be 

formed around each magnetic particle, resulting in well-incorporated magnetic particles 

inside the zeolite, as depicted in Figure 1.13b. 

 

Figure 1.13 Dry-gel conversion synthesis of (a) non-magnetic zeolite, and (b) magnetic 

zeolite composite. 



  Page | 18 
 

This anticipation has been proved by our laboratory in the preparation of magnetic 

high-silica BEA zeolite for the first time. Magnetic particle-contained dry precursor gel can 

be completely converted to BEA zeolite without any severe effect on the surface 

morphologies from the included magnetic particles. The inclusion of magnetic particles also 

did not disturb the adsorption of cationic dye in aqueous solutions [14]. This work revealed 

that using DGC method is possible to prepare composites. However, the DGC conditions 

for obtaining the magnetic zeolite composite with optimal crystallinity and surface 

morphologies have not been studied in detail yet. Also, given that lower reactor volume is 

used and no solvent is required for washing the solid product, DGC method is thus 

considered as an environmentally friendly method. Moreover, utilizing recycled waste as a 

source of starting materials in DGC is a good choice to provide more sustainable and eco-

friendly synthesis method of magnetic zeolite composites. Due to the global abundance of 

agriculture wastes, this dissertation utilized such waste-derived material as stating material 

to demonstrate the hypothesis.     

1.5 Agricultural wastes and their environmental utilizations 

Agriculture is a main resource that greatly enhances global living standard and reduce 

malnutrition issues. Modern technologies that have been developed vastly increase 

agricultural production over the last 50 years to sufficiently supply food to the big growth 

in global population [76]. Along with the main agricultural products (i.e., crops, vegetables, 

fruits, etc.), waste and pollution are also generated simultaneously. However, agricultural 

wastes are found to be a good source of biomass, i.e., cellulose, hemicellulose, lignin, etc., 

that is utilized for bioenergy production [77] such as heat and electricity to replace the 

consumption of fossil fuels. Material circulation in production and consumption is one 

agenda included in the SDGs [78]. 

Plant-based agricultural wastes such as husk, straws, shell are abundant source of 

biopolymers, i.e., polysaccharides, which takes up more than 50% of the whole 

compositions [79].  Given that biopolymers have dominant functional groups, these 

materials can be thus used in environmental applications as raw or surface-modified 

biosorbents [2], or be converted to carbonaceous materials, i.e., biochar [80]. Numerous 
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raw and modified biosorbents have been utilized in removal of wide range of pollutants 

from water such as heavy metals [30], dyes [81], starting materials for producing plastics, 

i.e., bisphenol A [82], and CECs (i.e., pharmaceuticals, hormones, pesticides) [83]. Apart 

from organic contents, agricultural wastes also contain significant amount of inorganic 

matter, i.e., mineral ash, which can be traditionally reused as fertilizers [84]. Rice husk is 

an abundant agricultural waste that is generated from the massive global rice production, 

which is reused to produce bioenergy via burning. Approximately one fourth of the total 

mass of rice husk becomes ash after incineration [85]. Rice husk ash greatly contains 

amorphous SiO2 up to 97% [13]. It is therefore a prospective alternative source for 

preparing zeolites [86–90]. The enormous availability of rice husk and its high SiO2 content 

attracts this doctoral research in utilizing it to develop a low-cost, sustainable, and 

environmentally friendly synthesis method of magnetic zeolite composites.       

1.6 Objective of this dissertation 

Aim of this dissertation is to demonstrate the sustainable circulation of materials in 

agricultural activities. This work challenges to utilize agricultural waste-derived materials, 

rice husk ash-derived SiO2, as a low-cost and alternative source of SiO2 in DGC method for 

developing a sustainable and environmentally friendly synthesis method of magnetic BEA 

zeolite composite. Here, BEA zeolite was chosen since it has large pore sizes and can be 

prepared with various Si/Al ratios that could be adjustable for targeted pollutants. The 

magnetic BEA zeolite composite was evaluated as adsorbent for removal of pollutants from 

water that were potentially released from using agrochemicals, i.e., antibiotics, herbicides, 

and heavy metals, during agricultural activities. The overall objectives were achieved by 

carrying out the following experimental contents, 

(i) studying the optimal synthesis conditions of DGC method for preparing 

magnetic BEA zeolite that was used for adsorption of antibiotics, and  

(ii) synthesizing magnetic BEA zeolite using rice husk ash-derived SiO2 in the 

optimal conditions of DGC, and evaluating it as adsorbent for removal of 

herbicide and heavy metals from water. 
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1.7 Structure overview of this dissertation 

This dissertation consists of five chapters as follows, 

(i) Introduction. This chapter introduces the overview on background of this 

doctoral research. 

(ii) Dry-gel conversion synthesis of magnetic BEA zeolite: optimization of 

synthesis conditions and assessment of antibiotic adsorption. In this chapter, 

the optimal DGC conditions were studied for preparation of magnetic BEA 

zeolite that was tested for removal of antibiotics, i.e., sulfadiazine, from water. 

(iii) Using rice husk ash–SiO2 in dry-gel conversion synthesis of magnetic BEA 

zeolite: assessment of herbicide removal. This chapter presents the feasibility 

study of directly using solid-state rice husk ash–SiO2 to prepare a magnetic 

contained dry gel that is converted to magnetic BEA zeolite via DGC method. 

The optimal conditions that were studied in Chapter 2 were applied. The 

composite was evaluated the adsorption performance on removal of herbicides, 

paraquat, from water. 

(iv) Removal of heavy metals from water using magnetic BEA zeolite prepared 

using rice husk ash-SiO2 via DGC method. This chapter presents the 

extension of using the rice husk ash–SiO2 derived magnetic BEA zeolite that 

was prepared as lower Si/Al for adsorption of toxic heavy metals, i.e., Pb(II), 

Cu(II), and Zn(II).  

(v) Conclusion. This chapter summarizes the research findings obtained from 

Chapter 2–4 and concludes the results in accordance to the main objectives.    
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CHAPTER 2 

Dry-gel conversion synthesis of magnetic BEA zeolite: optimization of 

synthesis conditions and assessment of antibiotic adsorption 

2.1 Background 

2.1.1 Antibiotics in environments: sources and effects 

The discovery of antibiotics in the 20th century has greatly increased human lifespan 

and plays important roles in modern medical treatments [1]. The main functions of 

antibiotics are treating and preventing infections in humans and animals [2]. Antibiotics can 

be classified into natural, semisynthetic, and synthetic ones based on their origin and 

production manner. More than thirty thousand of natural products found in bacteria and 

fungi are said to behave antibiotic properties, and the synthetic antibiotics are derived from 

the natural ones, e.g., the well-known penicillin [3]. Not only preventing human from 

disease, antibiotics are also used in the production of livestock and poultry. In agricultural 

production, there are several classes of antibiotics that were mostly used such as ionophores, 

arsenicals, tetracycline, penicillin, sulfonamides, aminoglycosides, and fluoroquinolones 

[4]. Chemical structures of some antibiotics belong to these classes are depicted in Figure 

2.1. 

 

Figure 2.1 Chemical structures of some antibiotics belong to the most widely used 

groups. 
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The global consumption of antibiotics in livestock and poultry production is estimated 

to be 104,079 tonnes in 2023 [5]. Using antibiotics can enhance the livestock production 

efficiency and prevent the spreading of infection between the animals and farmers [6]. 

However, it was reported that most of the consumed antibiotics are hardly absorbed by the 

digestion system, therefore they released from the animal bodies through excretion [7]. 
Generally, livestock manure is further utilized as fertilizers in agricultural fields. Thus, this 

becomes one of the starting points of antibiotics releasing pathway into environment as 

shown in Figure 2.2 [8]. 

 

Figure 2.2 Expected releasing pathway of antibiotics from animal production [8]. 

Reprinted from Chemosphere, 65, A.K. Sarmah, M.T. Meyer, A.B.A. Boxall, A global 

perspective on the use, sales, exposure pathways, occurrence, fate and effects of 

veterinary antibiotics (VAs) in the environment, 725–759, Copyright (2006), with 

permission from Elsevier. 

Anh et al. have studied on antibiotic contamination status in surface water in East and 

Southeast Asian countries which revealed that various classes of antibiotic were detected 

ranging from few ng/L levels to hundreds µg/L levels [9]. Although the contamination of 
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antibiotics was found at trace to ultra-trace levels, this level is enough to greatly affect the 

endocrine system in human [10]. The forms of antibiotics exist in environments, especially 

in water, are still active. This leads to the accumulating and spreading of their metabolite 

products in the water and nearby environments. The existing of antibiotics also disturbs the 

function of bacteria in metabolism of aquatic animal wastes [8]. Antibiotic contamination 

in water additionally interrupts the growth and reproduction and causes liver toxicity of 

organisms [11]. Releasing of antibiotics into water therefore becomes global environmental 

concerns. Awareness of proper treating antibiotic contaminated water has become 

important in many countries which leads to urgent issuance of regulations for minimizing 

the problems. The United State Environmental Protection Agency has classified veterinary 

medicines, i.e., including antibiotics, as a group among contaminants of emerging concern. 

In this chapter, sulfonamides are selected as a representative pollutant among widely used 

antibiotics, since they have a broad range of bacterial infections treatment in human and 

animals [12] and been used for a long time. Typical chemical structures of sulfonamides 

and some sulfonamide antibiotics are presented in Figure 2.3. 

 

Figure 2.3 Typical structure of sulfonamides and some sulfonamide antibiotics. 
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2.1.2 Removal of sulfonamide by adsorption using zeolitic adsorbents 

There are several types of zeolites ranging from medium to large pore sizes that were 

previously examined and potentially showed adsorption ability for removal of several 

sulfonamides from water. In most cases, the adsorption was found more pronounced when 

large pore zeolites with high Si/Al ratios ranging from 200 to 1000 were used such as MFI, 

FAU, and MOR [13], compared to medium to small pore ones, i.e., LTA, and hydrophilic 

HEU zeolites [14,15]. These findings reveal that most sulfonamides were adsorbed via 

hydrophobic interaction [14,16]. Some other interactions such as hydrogen bond between 

silanol groups on zeolite and amine groups on sulfonamide, and van de Waals forces were 

also found [14]. However, sulfonamide antibiotics can be ionized to cationic or anionic 

forms according to the pH values [15]. The adsorption is promoted when the pH of solutions 

was in acidic region due to the electrostatic interaction between the cationic site on 

sulfonamide and the negative charge on [AlO2]− of the zeolite framework [17]. In most 

literatures, Freundlich adsorption isotherm model was found suitable to explain the 

adsorption behavior of sulfonamide on zeolites. This model reflects the physisorption of 

sulfonamide through multilayer adsorption on zeolite surface.  

In addition to the adsorption performance, the zeolites showed numbers of reusability 

after regeneration by using solvent extraction or heat treatment [18]. As seen that large-pore 

and high-SiO2 zeolites are preferable for sulfonamide adsorption via hydrophobic 

interaction. BEA zeolite is another large pore zeolites with rather high hydrophobicity, 

therefore it should be a promising candidate which has not been previously used for removal 

of sulfonamide antibiotics from wastewater. Moreover, the integration of magnetic moiety 

of the zeolitic adsorbents is beneficial in practical removal of sulfonamide antibiotics.         

2.1.3 BEA zeolite 

BEA, a code name for zeolite beta given by the International Zeolite Association, is 

a large pore 12-membered ring zeolite with a diameter of 0.76 × 0.64 and 0.55 × 0.55 nm 

[19]. BEA zeolite was first synthesized by Wadlinger et al. in 1967 [20], and was then found 

in 1988 that it is a highly faulted intergrowth of two different but correlated polymorphs, 



  Page | 39 
 

i.e., A and B [21]. An example of stacking of polymorphs A and B that forms disordered 

structure of BEA zeolite is shown in Figure 2.4.  

 

Figure 2.4 Polymorph A and B, and disordered structure of BEA zeolite (from Ch. 

Baerloche, L.B. McCusker, H. Gies and B. Marle, Database of Disordered Zeolite 

Structures, http://www.iza-structure.org/databases/) 

BEA zeolite is one of the Big Five zeolites, i.e., MFI, BEA, MOR, FAU and FER, 

that are mostly used as catalyst in petrochemical industry [22]. It is a useful catalyst in many 

industrial reactions owing to its high Si/Al ratio, hydrothermal stability, and surface acidity 

[23]. For wastewater treatment purpose, BEA zeolite has been evaluated for adsorption of 

assorted pollutants such as pesticides [24,25], aromatic compounds (i.e., phenol [26], 

nitrobenzene [27]), alkaloids (i.e., nicotine [28]), organic dyes [29], and heavy metals 

[30,31]. These studies indicate that BEA zeolite also potentially shows adsorption 

performance on the broad range of pollutants. 

http://www.iza-structure.org/databases/
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2.1.4 Synthesis of magnetic BEA zeolite via DGC method 

Generally, BEA zeolite is commercially available or can be prepared using the 

conventional hydrothermal method. Owing to the advantages of using DGC method in 

preparation of MFI zeolite that were discovered by Xu et al. [32], BEA zeolite was first 

successfully synthesized under the same method by Hari Prasad Rao and Matsukata in 1996 

[33]. By using DGC method, dry precursor gel completely converted to BEA zeolite inside 

a low-volume reactor and the generation of wastewater barely produced. Approximately 3-

time higher Si/Al ratio of BEA zeolite can be obtained within a shorter crystallization time 

when using DGC method with the assistance of an organic template, i.e., tetraethyl 

ammonium hydroxide (TEAOH). Furthermore, the crystal size is found uniform and has 

high crystallinity and thermal stability [34]. These features should be also beneficial for 

synthesis of zeolitic composites, i.e., magnetic zeolites. In 2020, our research group 

successfully adopted DGC method in the preparation of BEA zeolite/Fe3O4 composite for 

the first time [35]. The preliminary studies show that the crystallization of BEA zeolite was 

not hindered by the inclusion of Fe3O4. The magnetic Fe3O4 particles were well 

incorporated inside BEA zeolite particles, and the composite had uniform size. Though, this 

study only proved the idea of using DGC method in the preparation of composites. Further 

investigation of the influential synthesis parameters in the presence of magnetic particles 

and evaluation of the potential adsorption performance of the composite are necessary.      

2.2 Objective 

This chapter aims to investigate the possibility of using DGC method for preparation 

of magnetic BEA zeolites as an adsorbent for removal of sulfonamide antibiotic from water. 

The optimal DGC synthesis conditions were investigated and subsequently used for 

synthesis of magnetic BEA zeolite. Magnetic properties and adsorption performance of the 

synthesized magnetic composite sample were also investigated for removal of sulfadiazine 

(SFDZ), a representative sulfonamide antibiotic, from aqueous solutions. This work expects 

to represent the use of magnetic zeolite prepared by DGC method for remediation of 

antibiotic contaminated water released from livestock production. 



  Page | 41 
 

2.3 Materials 

Chemicals and equipment used in this work are listed in Table 2.1 and 2.2, respectively. 

Table 2.1 Chemicals 

Name (Formula, purity) Manufacturer, country 

Colloidal silica (SiO2, HS-30, 30 wt% in water) Sigma Aldrich, USA 

Aluminum sulfate (Al2(SO4)3·14~18H2O, 51.0–57.5% 

as Al2(SO4)3) 

Nacalai Tesque, Japan 

Sodium hydroxide (NaOH, 97.0 wt%) Nacalai Tesque, Japan 

Tetraethylammonium hydroxide (TEAOH, 35 wt% in 

water) 

TCI, Japan 

Magnetite (Fe3O4, 80.0 wt%) Kanto Chemical, Japan 

Sulfadiazine (C10H10N4O2S, >99.0%) TCI, Japan 

Hydrochloric acid (HCl, 35.0–37.0wt%) Nacalai Tesque, Japan 

Phosphate buffer pH6.86 ± 0.015 (KH2PO4/Na2HPO4) Kanto Chemical, Japan 

TCI = Tokyo Chemical Industry 
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Table 2.2 Equipment 

Name Model Manufacturer, country 

Convection oven  SOFW-300SB AS ONE Corporation, Japan 

Hotplate stirrer RSH-1DN AS ONE Corporation, China 

Electric furnace VF-3000 SK Medical, Japan 

Field emission-scanning electron 

microscope (FE-SEM)  

JSM-6330F JEOL, Japan 

X-ray diffractometer (XRD, Cu-Kα, 

α = 1.54056 Å) 

RINT 2500TTR Rigaku Corporation, Japan 

Vibrating-sample magnetometer 

(VSM) 

BH-5501 Denshijiki Industry, Japan 

pH meter AS800 AS ONE Corporation, Japan 

Orbital shaker SK-O180-S DLAB Scientific, China 

UV-Visible spectrophotometer UV-2450 Shimadzu, Japan 
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2.4 DGC synthesis and characterization of magnetic BEA zeolite 

Gel composition and magnetic content in the gel used in our first reported work were 

adopted in this current work [35]. Brief synthesis procedure, depicted in Figure 2.5, consists 

of 2 main steps: i) preparation of dry precursor gel and ii) conversion of dry gel to zeolite 

by heating. To confirm whether the inclusion of Fe3O4 particles affects the crystallization 

of BEA zeolite, the gel without Fe3O4 particles was also prepared. The H2O/gel weight ratio 

in the PTFE container, crystallization temperature and time were varied in order to 

investigate the optimal synthesis conditions. This will be discussed in the following sub-

sections.  

 

Figure 2.5 Procedure of magnetic BEA zeolite synthesis including i) preparation of dry 

precursor gel and ii) dry-gel conversion. 

2.4.1 Effect of H2O/gel ratio 

In DGC, appropriate amount of water is required to ensure water vapor is maintain to 

be saturated during the crystallization [34]. Here, the optimal water amount used to generate 

steam was studied by changing H2O/gel ratios while the synthesis temperature and time 
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were fixed (180 °C and 12 h). The results of XRD patterns and comparison of peak 

intensities are shown in Figure 2.6a. When the ratio was 0.5, amorphous phase with no 

characteristic peak of BEA-structure was observed by XRD, as well as no evidence of BEA 

crystallization observed by FE-SEM (Figure 2.7). This may be caused by insufficient 

amount of water for carrying energy to the precursor for crystallizing BEA zeolite. Using 

too low H2O/gel ratio can lead to producing amorphous product as reported in the literature 

[33]. When the H2O/gel ratio was increased to 1 and 2, the BEA peak intensity became 

obviously intense, as represents by the most intense peak at 2θ = 22.5°. Also, the FE-SEM 

images reveal the crystalline appearance of the BEA zeolite. The results were found in the 

same trend for both non-magnetic and magnetic BEA zeolite and confirm that amount of 

H2O became sufficient when the ratios of 1 and 2 were used. In this case, the H2O/gel ratio 

of 1 was chosen as it is enough for crystallizing BEA zeolite with the presence of Fe3O4. 
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Figure 2.6 XRD patterns of BEA and magnetic BEA zeolite synthesized via DGC using 

varied a) H2O/gel ratios, b) crystallization temperatures, and c) crystallization times. 
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Figure 2.7 FE-SEM observation of BEA and magnetic BEA zeolite synthesized via DGC 

using varied H2O/gel ratios. 
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2.4.2 Effect of crystallization temperature 

Temperature plays crucial role in crystallization process and greatly affects the 

crystallinity of zeolites [36–38]. For DGC of magnetic BEA zeolite, crystallization 

temperature ranging from 140 to 200 °C was studied. The H2O/gel ratio and crystallization 

time were maintained at 1 and 12 h, respectively. The BEA diffraction peaks appeared in 

Figure 2.6b for non-magnetic sample indicates that BEA was crystallized at 140 °C and 

became more intense at higher temperature up to 180 °C. On the other hand, the BEA peaks 

with very low intensity were detected in the magnetic sample at the crystallization 

temperature of 140 °C which is indicative of low crystallinity of the zeolite phase. The FE-

SEM image of the magnetic sample synthesized at 140 °C indicates that the sample was not 

mainly crystal-like particles (Figure 2.8). When compared to the non-magnetic sample 

obtained at same synthesis temperature, Fe3O4 particles might have decelerated the 

nucleation and crystal growth. However, at higher temperature up to 180 °C, the 

crystallinity became higher, as shown in the XRD pattern where BEA peaks were detected 

along with the Fe3O4 peaks. When the temperature increased to 200 °C, all BEA peaks of 

both samples were hardly observed in their XRD patterns indicating extreme decreasing in 

the crystallinity. The higher magnification FE-SEM images of the samples synthesized at 

200 °C show the small voids on the surface of the samples (Figure 2.9). It was suspected 

that some component of the gel may have been lost during heating. It was reported in the 

literature that the TEAOH template started to decompose from 200 °C [23]. Therefore, this 

can be anticipated that the template partially decomposed at 200 °C, resulting in its 

inhibition of nucleation and crystal growth. Decreasing in crystallinity of zeolite products 

when high synthesis temperatures were used was also found in some previous papers 

[23,38–40]. The results reveal that the crystallization of BEA zeolite with the presence of 

Fe3O4 particles is also a temperature-dependent process. The optimal crystallization 

temperature was found to fall between 160 and 180 °C. The samples synthesized at 180 °C 

was selected as the representatives for further studies. 
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Figure 2.8 FE-SEM observation of BEA and magnetic BEA zeolite synthesized via DGC 

using different crystallization temperatures. 
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Figure 2.9 Higher magnification (100000×) FE-SEM observation of non-magnetic and 

magnetic BEA samples synthesized at 200 °C. 

2.4.3 Effect of crystallization time 

Crystallization time was studied in order to examine the suitable time for BEA zeolite 

to crystallize with high crystallinity with the presence of Fe3O4 particles. The crystallization 

time ranging from 1.5 to 12 h was examined by using constant H2O/gel ratio (1) and 

crystallization temperature (180 °C). BEA zeolite crystallized from 1.5 h with high 

crystallinity, as indicated by the intense XRD peaks in Figure 2.6c for the non-magnetic 

sample, but lower crystallinity of BEA zeolite phase was found for the magnetic sample 

(see Figure 2.6c and FE-SEM images in Figure 2.10). When the crystallization time was 

extended to 3 h the peaks of the magnetic sample became more intense, indicating more 

BEA crystallized. The XRD peak intensity seemed to be constant from the crystallization 

time of 3 h. However, the yield was found to become constant after 6 h. Therefore, the 

crystallization time of 12 h was subsequently used to obtain the optimal crystallinity. 
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Figure 2.10 FE-SEM observation of BEA and magnetic BEA zeolite synthesized via 

DGC using different crystallization times. 
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The results obtained from the optimization studies indicate that the addition of Fe3O4 

slightly decelerated the crystallization of BEA zeolite but the structure of the product could 

be maintained by optimizing the condition. The optimal conditions i.e., H2O/gel ratio of 1, 

crystallization temperature at 180 °C and crystallization time of 12 h, were used for further 

studies on the effect of calcination temperature on the magnetic properties of the composite. 

2.5 Effect of calcination temperature on magnetic properties 

The as-synthesized samples were calcined in order to remove the organic TEAOH 

template from the zeolite pore, allowing for the adsorption of the target adsorbate. Huang 

et al. [41] and do Nascimento et al. [23] reported that thermal degradation of TEAOH was 

mainly found in the temperature range 400–500 °C. On the other hand, high temperature 

causes oxidation of Fe3O4 to different iron oxides [42] which was concerned to the magnetic 

properties of the magnetic BEA samples. Here, the calcination temperature of 400, 450, 

500 °C that cover the reported degradation temperature range were studied. The samples 

were put in alumina crucibles before being placed in the electric furnace and calcined at 

400, 450 or 500 °C for 12 h using a heating rate of 100 °C/h. After calcination, the magnetic 

properties of the samples were evaluated by measuring the magnetization saturation (Ms) 

using VSM at room temperature in comparison to that of non-composited Fe3O4 particles. 

When the magnetic field (H) between ±2 kOe was applied to the calcined magnetic 

BEA samples, the magnetization hysteresis loops were obtained as shown in Figure 2.11a. 

It was found that the Ms values decreased when the calcination temperature increased. The 

Ms values of the magnetic BEA samples calcined at 400, 450, and 500 °C, shown in Table 

2.3 were lower than that of the bulk Fe3O4 phase. This is obviously due to the presence of 

the large quantity non-magnetic BEA zeolite phase in the samples. The apparent magnetic 

content (in wt%) in each sample was estimated using Equation 2.1 
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Apparent magnetic content = 
(MS)MBEA - (MS)BEA

(MS)Fe3O4- (MS)BEA
×100 Equation2.1 

where (MS)MBEA  and (MS)BEA  are the saturation magnetization values of calcined 

magnetic and non-magnetic BEA zeolite at one temperature (emu/g), and (MS)Fe3O4 is the 

saturation magnetization value of bulk Fe3O4 (emu/g). The average apparent magnetic 

content was calculated, as shown in Table 2.3, using the apparent magnetic content from 

both positive and negative H applied. 

 

Figure 2.11 Magnetization curves of a) Fe3O4 and magnetic BEA, and b) BEA zeolite 

measured by VSM at room temperature.  Numbers shown in the data series name denote 

the calcination temperatures. 
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Table 2.3 MS values and apparent magnetic content of the BEA and magnetic BEA samples 

measured by VSM at ±2 kOe 

Sample 
MS (emu/g) Apparent magnetic content (wt%) 

+2 kOe −2 kOe +2 kOe −2 kOe Average 

Fe3O4 73.949 −74.221 - - - 

BEA (400) −0.860 0.757 16.132 16.754 16.443 

Magnetic BEA (400) 11.208 −11.505    

BEA (450) −0.973 0.853 11.411 11.100 11.256 

Magnetic BEA (450) 7.576 −7.261    

BEA (500) −1.502 1.217 5.330 5.163 5.247 

Magnetic BEA (500) 2.520 −2.538    

The number in parentheses after each sample name represents the calcination temperature.  

 

The calculated apparent magnetic contents decreased when the calcination 

temperatures increased. The XRD studies in the previous report [35] showed that different 

weakly magnetic iron oxide phase (hematite; α-Fe2O3) was observed in the diffraction 

patterns when magnetic BEA zeolite was calcined at 450 °C, and it became more intense at 

500 °C. In this work, the XRD peaks of α-Fe2O3 were also detected (Figure 2.12), indicating 

the oxidation of Fe3O4 took place to some extent. 
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Figure 2.12 XRD patterns of magnetic BEA zeolite obtained before and after calcination 

at 450 °C (12 h). 

In order to find out the degree of oxidation at the calcination temperature at 450 °C, the 

ideal magnetic content without oxidation was calculated. The average apparent magnetic 

content in the magnetic BEA sample calcined at 400 °C, where no oxidation was found, 

was considered as the original magnetic content (16.44 wt%). This magnetic content should 

ideally be maintained regardless of the oxidation. After calcination at 400 °C, the magnetic 

weight fraction in the magnetic BEA was 0.1644, therefore the BEA fraction was 

1 - 0.1644 = 0.8356. By tracking weight difference between before and after calcination at 

400 °C, the decreased weight fraction of the BEA sample was 0.1857 which attributed to 

the burned off organic SDA content. Thus, the original BEA fraction (including SDA) was 

0.8356 / (1 - 0.1857) = 1.026. When the BEA sample was calcined at 450 °C, the burned 

off organic SDA fraction was 0.2491, therefore the BEA fraction only should be 

1.026(1 - 0.2491) = 0.7705 . The ideal magnetic content in the magnetic BEA sample 

calcined at 450 °C should be (0.1644 / (0.7705 + 0.1644)) × 100 = 17.60 wt% . The 

apparent magnetic content of the magnetic BEA sample calcined at 450 °C was 11.26 wt%, 

approximately 37% decreased from the ideal value which therefore attributes to the fraction 

of Fe3O4 oxidized to the weaker magnetic iron oxide: α-Fe2O3. However, when H dropped 

to zero the magnetization showed slight remanence value of 3.06 emu/g for the magnetic 

sample calcined at 450 °C (see the inset zoomed-in loops in Figure 2.11a), indicating that 
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the samples still exhibit ferromagnetism but easily redisperse in aqueous solution when 

detaching the external magnet [43]. The magnetic sample still practically attracted well to 

the external magnet, while the non-magnetic BEA sample did not (the inset digital images 

in Figure 2.11b). The BEA behaved diamagnetic as shown by the small negative M values 

when positive H was applied and vice versa. The calcination temperature of 450 °C was 

found optimal to maintain the magnetic properties of the sample. The magnetic BEA and 

BEA samples calcined at 450 °C were subsequently used for sulfadiazine adsorption studies.       

2.6 Determination of SFDZ adsorption performance 

In this section, SFDZ adsorption performance of BEA and magnetic BEA zeolite 

calcined at 450 °C was tested by studying the adsorption isotherm. Effect of initial pH on 

the adsorption performance was also investigated. All adsorption tests were performed 

using fixed adsorbent concentration of 1 g/L and orbital shaking speed of 120 rpm for 24 h 

at room temperature (26 °C). Aqueous solutions of SFDZ were used throughout the 

experiments. Quantification of SFDZ in the solutions was performed on the UV-Visible 

spectrophotometer (λ = 264 nm). Adsorption capacity of the adsorbent was calculated using 

Equation 2.2. 

qe  = 
(C0 −  Ce)V

m
 Equation 2.2 

where qe is the adsorption capacity of the adsorbent (mg/g), C0 and Ce are the initial and 

equilibrium concentrations of SFDZ, respectively (mg/L), V is the solution volume (L), and 

m is the mass of the adsorbent (g). In the study on effect of initial pH, percentage of SFDZ 

adsorbed amount (%AASFDZ) was used, calculated by Equation 2.3. 

%AASFDZ  = 
(C0 −  Ce) × 100

C0
 Equation 2.3 

where C0 and Ce are the initial and equilibrium SFDZ concentrations, respectively (mg/L). 
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2.6.1 Adsorption isotherms 

The adsorption isotherms were studied using initial SFDZ concentration in the range 

10–50 mg/L. Further concentration was not considered due to the limitation of SFDZ 

solubility. Figure 2.13a shows the increasing in adsorption capacity when the equilibrium 

SFDZ concentration increased. The result indicated that SFDZ can be adsorbed onto the 

BEA and magnetic BEA prepared by DGC method. The linear form of Langmuir and 

Freundlich adsorption isotherm models were applied to evaluate the adsorption behavior, 

as shown in Equation 2.4 and 2.5 

Langmuir: 
Ce

qe
 = 

Ce

qm
 + 

1
bqm

 Equation 2.4 

Freundlich: log qe  = 
1
n

log Ce  + log KF Equation 2.5 

where qm is the maximum adsorption capacity calculated from the Langmuir model (mg/g), 

b is the Langmuir adsorption constant (L/mg), n = intensity of the Freundlich adsorption, 

and KF is the relative adsorption capacity (mg1 − (1/n) L1/n g−1). 

The greater determination coefficient (R2) values of the linear plot between logCe vs. 

logqe (for Freundlich) than that between Ce vs. Ce/qe (for Langmuir), shown in Figure 2.13b, 

indicate that the adsorption has a higher tendency to fit with Freundlich model. The trends 

were similar for both BEA and magnetic BEA adsorbents. Thus, SFDZ was anticipated to 

be adsorbed onto the BEA and magnetic BEA zeolite via multilayered physisorption [44]. 
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Figure 2.13 a) SFDZ adsorption isotherm studies and b) linear adsorption model plots of 

BEA and magnetic BEA zeolite calcined at 450 °C (12 h). 

This study agrees well with many previous papers that the Freundlich model was 

better to describe the adsorption of SFDZ [16,45] and other sulfonamides onto zeolites 

[16,46–49], while Langmuir model was found suitable in some cases [17,50]. The 

Freundlich isotherm parameter, i.e., n and KF values obtained in this work were compared 

with that from previous reported zeolites in Table 2.4. The n values greater than 1 indicate 

that the adsorption of SFDZ on BEA and magnetic BEA occurred via physical process [16].  

The KF values, reflecting the relative adsorption capacity, were comparable to that of other 

zeolites―that means the BEA and magnetic BEA adsorbents synthesized by DGC method 

show possibility of using in removal of antibiotics from wastewater.        
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Table 2.4 Freundlich isotherm parameters for sulfonamide adsorption onto zeolites of this 

work and previous papers 

Zeolite Si/Al Sulfonamides 
Freundlich parameters 

Reference 
KF n 

FAU 50 Sulfamethoxazole 8611.5 2.92 [17] 

FAU 41.295 Sulfamethoxazole 105.46 0.54 [46] 

MFI 250 Sulfamethoxazole 42.66 1.393 [16] 

FAU 15.31 Sulfamethoxazole 26.10 0.64 [46] 

MFI 250 Sulfamethoxazole 20.97 1.74 [47] 

MOR 20 Sulfamethoxazole 9.63 1.00 [49] 

MFI 250 Sulfadiazine 5.68 1.21 [47] 

Magnetic BEA 22a Sulfadiazine 3.456 1.771 This study 

BEA 22a Sulfadiazine 3.424 1.531 This study 

MFI 250 Sulfadiazine 2.74 2.134 [16] 

HEU 6.25 Sulfamethoxazole 2.65 2.23 [48] 

HEU/TiO2 n.r. Sulfadiazine 0.0811 0.9077 [45] 

 n.r. = not reported; aAccording to our previous studies [35] 

 

2.6.2 Effect of pH on SFDZ adsorption 

Given that SFDZ species are pH-dependent, different ionic states: cationic (SFDZ+), 

neutral (SFDZ0), and anionic (SFDZ−) with varied percentage mole fraction (%MF) are 

formed (see primary y-axis in Figure 2.14a), potentially affecting the adsorption behavior 

of SFDZ onto zeolite surface. The pH of SFDZ solution (20 mg/L, initial pH ≈6) was 

adjusted to 2, 4, and 7 before performing the adsorption test. After adsorption, aliquots of 

SFDZ solutions were diluted in phosphate buffer solution (pH 6.86) before UV adsorption 

measurement in order to suppress the variation due to the change of analytical wavelength 

caused by distinct pH (Figure 2.14b). As shown in the secondary y-axis in Figure 2.14a, 

adsorption of SFDZ on zeolite surface was pH-influenced. The percentage of SFDZ 

adsorbed amount (%AASFDZ) for non-magnetic BEA increased by similar order to that of 
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the increased %MFSFDZ
0 (i.e., ≈12%) when the pH decreased from 6 to 4. More 

pronounced %AASFDZ was found, by ≈30%, when the pH decreased from 4 to more acidic 

medium, i.e., pH 2. At this point, %MFSFDZ
0 decreased to 50% whereas %MFSFDZ

+ 

conversely increased by the same extent. On the other hand, increasing the pH from 6 to 

pH 7 lowered %AASFDZ to half, where ≈80% of SFDZ mainly existed as SFDZ− and the rest 

20% was SFDZ0. The results obtained from magnetic BEA were found in the same trend 

for all cases. It is seen that adsorption of SDZ was promoted at lower pH and suppressed at 

higher pH which is likely to be caused by the interaction of [AlO4/2]− on the zeolite through 

ion exchange between SFDZ+ and the counter cations (i.e., Na+), and through repulsion by 

SFDZ−, respectively. SFDZ0 showed potential adsorbed amount at pH 4, indicates that 

hydrophobic interaction also occurred, and was believed to mainly take place in wide pH 

region between the aromatic rings of sulfadiazine and abundant siloxane network in the 

zeolite [16,17,47,51].           

 

Figure 2.14 a) Percentage mole fraction of SFDZ species and percentage adsorbed 

amount of SFDZ at various initial pH values, b) UV absorption spectra of 5 mg/L-SFDZ 

solutions in different pH values. 
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2.7 Reusability of the adsorbents and evaluation for practical application  

Reuse of adsorbents is necessary to make them economically possible in practical 

water treatments [52]. Regeneration of adsorbents should not only recover the adsorption 

properties but the structure of the adsorbents. To remove adsorbed sulfonamide from 

zeolitic adsorbents, use of mixed organic solvents [18], alkali solutions [14], or heat 

treatment at 400 °C [14] and 500 °C [18] have been reported. Owing to the fact that organic 

compounds are thermal degradable. Therefore, thermal regeneration of the used BEA and 

magnetic BEA zeolite was used. After adsorption, the spent adsorbents were collected and 

calcined at 400 °C for 12 h. Higher temperature was not considered in order to maintain the 

magnetic properties of the adsorbent. The thermal regenerated adsorbents were used in 

subsequent adsorption cycles which were found to be reusable for at least another 2 cycles, 

as shown in Figure 2.15. 20 mg/L of SFDZ solutions were used in each adsorption cycle. 

 

 

Figure 2.15 Reusability of BEA and magnetic BEA after thermal regeneration. 
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Interestingly, the qe values were found to increase after each thermal regeneration for 

BEA and magnetic BEA zeolite. Proton, i.e., H+, that has a smaller ionic size might have 

replaced larger ionic size Na+ at the [AlO2]− sites during the thermal degradation of the 

adsorbed SFDZ, which increases pore accessibility during the adsorption. Moreover, the 

residual SDA might have been burned off more to some extent during the thermal 

regeneration. These reasons may be the cause of larger amount of SFDZ molecules at higher 

cycles. The surprising results reflect the hidden advantages of BEA and magnetic BEA 

zeolites in removal of antibiotics and further study is necessary to understand this 

phenomenon.           

The typical concentrations of antibiotics fall in ppb level (e.g., 0.01–1.0 µg/L) in 

surface water and sewage treatment plants were reported [53]. It was found in this work 

that lower initial concentrations of SFDZ resulted in higher removal efficiency. 

Approximately 74 and 72% removal efficiencies were obtained for the initial 1 and 5 mg/L-

SFDZ, respectively, tested using 1 g of magnetic BEA zeolite per 1 L solution. In that the 

detection limit of the measurement, adsorption amount at lower SFDZ concentration could 

not be accurately quantified. However, it can be assumed in possible practical application 

using the removal efficiency of 74%. If 100 L wastewater assumably containing antibiotics 

in the reported typical range, e.g., 0.3 µg/L was treated using 500 g magnetic BEA zeolite, 

then approximately 0.08 µg/L-SFDZ would remain in the water which shall comply with 

the recommended discharge limit, i.e., 0.1 µg/L, set by the United States Food and Drug 

Administration [53]. To separated and collect the spent magnetic adsorbents in large scale 

treatment plants, a continuous flow system shown in Figure 2.16 could be possibly 

implemented [54]. The wastewater is mixed with magnetic adsorbents to reach adsorption 

equilibrium before transferring to the magnetic separation unit. The magnetic adsorbents 

are separated from the treated water by attracting to the rotating magnet and transported by 

the conveyor belt, and finally collected for regeneration and further reuse. 
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Figure 2.16 Rotary magnetic separator in a continuous flow system [54]. Reprinted from 

Journal of Water Process Engineering, 53, N. Maniotis, K. Kalaitzidou, E. Asimoulas, K. 

Simeonidis, A rotary magnetic separator integrating nanoparticle-assisted water 

purification: Simulation and laboratory validation, 103825, Copyright (2023), with 

permission from Elsevier. 
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2.8 Conclusion 

In this chapter, optimization of synthesis conditions in DGC method were studied for 

preparation of magnetic BEA zeolite. Environmentally friendly magnetic particles (Fe3O4) 

were mixed with the zeolite precursor to obtain homogeneous dry precursor gel before 

converting to magnetic BEA zeolite upon heating. The optimal synthesis conditions were 

found to be H2O/gel ratio of 1, crystallization temperature in the range 160–180 °C, and 

crystallization time of at least 6 h. Magnetic properties of the magnetic BEA calcined at 

different temperature were investigated and 450 °C was found to preserve magnetic 

properties with minimum co-existing of weaker magnetic iron oxide phase. Adsorption 

performance of the synthesized magnetic BEA zeolite was investigated for removal of 

SFDZ, a typical antibiotic, from aqueous solutions. The antibiotic can be adsorbed on the 

magnetic BEA adsorbent which follows the linear Freundlich adsorption isotherm. This 

research reveals that magnetic BEA zeolite can be prepared using the optimal DGC 

synthesis conditions and potentially applied for removal of antibiotics from agricultural 

wastewater (livestock farm).   

The studies in this chapter provides optimal DGC synthesis conditions that will be 

applying in the synthesis of magnetic BEA zeolite using rich husk ash-derived SiO2 in the 

next chapter.  
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CHAPTER 3 

Using rice husk ash–SiO2 in dry-gel conversion synthesis of magnetic 

BEA zeolite: assessment of herbicide removal 

3.1 Background 

3.1.1 Environmental impact of using herbicides 

Herbicides are commonly used to kill weeds or inhibit the growth of undesired plants 

in modern plant production to ensure a sufficient food chain for the increasing global 

population [1]. Paraquat, one of several commercial names for 1,1′-dimethyl-4,4′-

bipyridinium dichloride, is a well-known and widely used bipyridyl herbicide because of 

its non-selectivity and cost-effectiveness. Figure 3.1 presents the structure of paraquat 

dichloride. 

 

Figure 3.1 Chemical structure of paraquat dichloride. 

Paraquat is a cost-effective herbicide; however, it becomes toxic if it is released into 

the natural environment [2]. The extensive use of paraquat with long-term exposure 

seriously affects human and mammalian health, causing kidney, liver, and neurological 

diseases (Parkinson’s disease); many types of cancers (skin, brain, breast, etc.); and death 

in severe cases owing to inflammation and respiratory failure [3,4]. Paraquat has been 

banned in several countries, but its residue from excessive use in agricultural areas 

accumulates in the soil and migrates to groundwater and surface water due to its high 

solubility in water, which harms animal and human health [5]. To address these 

environmental and health concerns, the removal of paraquat contamination from water is 

therefore necessary. 
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3.1.2 Removal of paraquat from water by adsorption 

Adsorption is an effective physical approach for the treatment of water contaminated 

with pesticides (including herbicides) and other organic pollutants. So far, diverse 

adsorbents with different structures, properties, and pore sizes have been developed for 

selectively removal of the target pollutants [6]. Removal of paraquat from aqueous solutions 

has been studied using clays (including zeolites), mesoporous SiO2, graphene oxide, 

activated carbon, and biopolymers, etc., which were summarized in a review article [7]. 

These adsorbents have shown potential adsorption performance from a few milligrams to 

hundreds of milligrams of paraquat per gram of adsorbent. However, a sustainable and 

environmentally friendly adsorbent for herbicide removal is still necessary. Utilizing 

zeolitic adsorbents might be a good choice owing to the various microporous structures of 

zeolites with high stability and low toxicity. In 2013, Rongchapo et al. found that paraquat 

was effectively adsorbed on a large pore BEA zeolite that was prepared using rice husk ash-

SiO2 in the conventional hydrothermal route [8]. The paper shows the advantage of using a 

low-cost SiO2 source derived from agricultural waste in the preparation of adsorbent. 

However, sustainability of the method should be improved by developing a more 

environmentally friendly protocol, which is to overcome the drawback of the hydrothermal 

method. Additionally, incorporating BEA zeolite with magnetic properties is more 

attractive to enhance the practicality of the adsorbent.     

3.1.3 Rice husk: a potential source of SiO2 

Agricultural solid wastes from crop and livestock productions are a result of a huge 

global demand due to the increasing population. Disposal of agricultural wastes greatly 

contribute to production of greenhouse gases [9]. Therefore, converting these solid wastes 

into energy or useful resources is an essential approach to meet the 3-R principle, i.e., 

reduce, reuse, recycle, and SDGs [10]. According to the database reported by Food and 

Agriculture Organization of the United Nations, over 80 to 1.5 of billion tons of paddy and 

milled rice have been produced in Asian countries such as China, India, Indonesia, 

Bangladesh, Vietnam, Thailand, Myanmar, the Philippines, and Japan in the 2010s [11], 

which accounts for approximately 90% of the global rice product share. A huge amount of 
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rice husk (RH) is therefore generated as waste. Due to its high heating value, RH can be 

used as biomass to generate green energy [12] but still its ash is left behind as a secondary 

waste. Protuberances and hairs on the outer epidermis of RH contain the most concentrated 

SiO2, in which Si bonds with carbohydrate [13]. Generally, calcination of RH at 

temperatures up to 700 °C yields amorphous SiO2, as shown in Figure 3.2, with 95% purity 

whereas higher purity up to 99% can achieved using chemical methods [14]. Amorphous 

SiO2 is very reactive due to its high surface area with ultrafine particle sizes. The 

temperature above 700 °C leads to formation of crystalline SiO2 polymorphs such as α-

cristobalite, α-quartz, and α-tridymite [13]. 

 

Figure 3.2 Chemical structure of amorphous SiO2. Reprinted from Khouchaf et al. [15], 

MDPI, under the terms and conditions of the Creative Commons Attribution (CC BY) 

license. 

Burning of RH greatly removes the organic impurity before subsequent use of 

chemical method. Washing RH ash (RHA) with acid solution can further remove metallic 

impurities prior to dissolution of SiO2 using alkali solution. Finally, amorphous SiO2 

particles are precipitated using acid solution [14]. Highly reactive form of RHA-SiO2 is a 

sustainable and inexpensive alternative SiO2 source for synthesizing SiO2-based materials 

for using in broad applications such as concrete [16], catalysis/catalyst supports, drug 

carriers, and environmental remediation [17]. For synthesis of zeolites, using RHAS is 

successful for MFI [18,19], FAU [8,19,20], LTA [19], CHA [21], ANA [22], and BEA 
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[8,23]. These works contribute to value addition of agricultural wastes. However, the 

reported zeolites were mainly prepared using conventional hydrothermal method. If solid-

state RHA-SiO2 can be applied to a more effective and environmentally friendly method, 

i.e., DGC, a more sustainable and environmentally friendly synthesis protocol for zeolitic 

adsorbents will be obtained.  

3.2 Objective 

This chapter aims to develop a sustainable, environmentally friendly and cost-effective 

synthesis method of magnetic BEA zeolite by utilizing agricultural waste derived materials, 

solid rice husk ash–SiO2, in the replacement of the commercial colloidal SiO2 in DGC 

method. The synthesized magnetic zeolite composite was investigated as a sustainable 

adsorbent for removal of paraquat, a type of herbicide, from water. This work realizes a 

sustainable material circulation in agricultural activities since agricultural waste is utilized 

in preparation of a remediation tool of water affected by the use of agrochemicals. 

3.3 Materials 

Chemicals and equipment used in this work are listed in Table 3.1 and 3.2, respectively. 

RHA-SiO2 was prepared at The Petroleum and Petrochemical College and Center of 

Excellence on Petrochemical and Materials Technology, Chulalongkorn University, 

Bangkok, Thailand, using an alkali treatment of rice husk ash (CP All Public Co., Ltd., 

Thailand) followed by acid precipitation.  
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Table 3.1 Chemicals 

Name (Formula, purity) Manufacturer, country 

Aluminum sulfate (Al2(SO4)3·14~18H2O, 51.0–57.5% 

as Al2(SO4)3) 

Nacalai Tesque, Japan 

Sodium hydroxide (NaOH, 97.0 wt%) Nacalai Tesque, Japan 

Tetraethylammonium hydroxide (TEAOH, 35 wt% in 

water) 

TCI, Japan 

Magnetite (Fe3O4, 80.0 wt%) Kanto Chemical, Japan 

Paraquat dichloride (C12H14Cl2N2, >98.0%) TCI, Japan 

Diquat dibromide monohydrate (C12H12Br2N2·H2O, 

100.0%)  

Fujifilm Wako Pure 

Chemical Corp., Japan 

Cibacron blue 3G-A (C29H20ClN7O11S3, ≥55%) Sigma Aldrich, USA 

Sodium chloride (NaCl, 99.5%) Fujifilm Wako Pure 

Chemical Corp., Japan 

Hydrochloric acid (HCl, 35.0–37.0wt%) Nacalai Tesque, Japan 

Silicon standard solution (Si, 1.00 mgSi/mL) Nacalai Tesque, Japan 

Aluminum standard solution (Al, 1002 mgAl/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

Iron standard solution (Fe, 1001 mgFe/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

TCI = Tokyo Chemical Industry, Corp. = Corporation 
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Table 3.2 Equipment 

Name Model Manufacturer, country 

Convection oven  SOFW-300SB AS ONE Corporation, Japan 

Hotplate stirrer RSH-1DN AS ONE Corporation, China 

Electric furnace VF-3000 SK Medical, Japan 

Field emission-scanning electron 

microscope (FE-SEM)  

JSM-6330F JEOL, Japan 

Ultra-high-resolution FE-SEM-

energy dispersive X-ray 

spectroscopy (FE-SEM-EDS) 

S-4800 HITACHI, Japan 

X-ray diffractometer (XRD, Cu-Kα, 

α = 1.54056 Å) 

RINT 2500TTR Rigaku Corporation, Japan 

pH meter AS800 AS ONE Corporation, Japan 

Turbidimeter HI93703 Hanna Instruments, USA 

Orbital shaker SK-O180-S DLAB Scientific, China 

UV-Visible spectrophotometer UV-2450 Shimadzu, Japan 

Inductively coupled plasma-atomic 

emission spectrometer (ICP-AES) 

SK-II Seiko Instrument, Japan 

 

3.4 DGC synthesis of magnetic BEA zeolite using RHA-SiO2 

3.4.1 Characterization of RHA-SiO2 

Solid RHA-SiO2 particles used in this work had white powdery appearance and was 

characterized prior to use in gel preparation (see inset in Figure 3.3a). As shown in the XRD 

patter (Figure 3.3a), the pattern was broad and no crystalline phase was detected, indicating 

that the RHA-SiO2 was highly amorphous. Amorphous SiO2 is said to be highly active, it 

is therefore preferrable for synthesizing advanced materials [12,24]. The FE-SEM image in 
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Figure 3.3b reveals that the RHA-SiO2 particles were ultrafine, i.e., the sizes were below 

100 nm. 

 

Figure 3.3 XRD pattern with the inset of the photograph (a) and FE-SEM image (b) of 

the RHA-SiO2 particles [25]. 

3.4.2 Preparation of dry precursor gel using solid RHA-SiO2 

Crystallization of BEA zeolite via DGC method by direct use of solid RHA-SiO2 was 

confirmed before the inclusion of the magnetic particles. Initially, the procedure described 

in Chapter 2, Section 2.4 was applied, i.e., room temperature (26 °C) and simple mechanical 

stirring, but replacing the commercial colloidal SiO2 with the solid RHA-SiO2. Amount of 

each ingredient is as follows: 3.63 g of solid RHA-SiO2, 0.50 g of a 20 wt% NaOH solution, 

16.52 g of a 10 wt% TEAOH solution, and 0.30 g of solid Al2(SO4)3·14~18H2O. After DGC 

using the optimal synthesis conditions obtained from the studies in Chapter 2, the product 

was found mainly in amorphous state with minor crystalline phase at 32.0 ° and 34.0 ° in 

the XRD pattern with inset of FE-SEM image (Figure 3.4a). These peaks could be assigned 

to chabazite [26,27]. The results might indicate the insufficient dissolution of the RHA-

SiO2 to generate SiO4/2 tetrahedra for the formation of a dense aluminosilicate gel. 

Consequently, double amount of 20 wt% NaOH (1.00 g), increased aging time to 16 h, and 

elevated aging temperature to 80 °C (kept for 8 h) were used in order to cause more SiO2 

dissolution. The product showed intense BEA characteristic XRD peaks at 7.6 and 22.4 ° 

(JCPDS 48–0074) [28] and had crystals with clear morphology and grain boundaries as 
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indicated in Figure 3.4b. Therefore, proper dissolution of RHA-SiO2 seemed to be an 

important factor to obtain the crystalline products. The dissolution was then increased by 

mixing the ingredients using ultrasonic waves in addition to simple mechanical stirring. The 

XRD pattern and inset FE-SEM image shown in Figure 3.4c clearly indicated that 

crystalline BEA zeolite was successfully obtained. Several characteristic XRD peaks with 

higher intensities were detected and the crystals with particle sizes below 1 µm were 

observed. 

 

Figure 3.x XRD patterns with the inset FE-SEM images of the DGC products prepared 

by using RHA-SiO2 particles at room temperature (a), double amount of NaOH, increased 

aging time to 16 h, and elevated temperature to 80 °C (kept for 8 h) (b) and additional 

ultrasonic waves (c), and included Fe3O4 particles (d) [25]. 

Finally, a gel with Fe3O4 particles were prepared by adding 1.12 g of Fe3O4 just before 

starting the drying step to confirm the crystallization of BEA with the presence of magnetic 

particles. As depicted in Figure 3.4d, the BEA zeolite characteristic peaks still appeared in 
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the XRD pattern along with those of Fe3O4 i.e., 30–40 ° (JCPDS 19–0629, [29])  and the 

crystal shapes and size did not differ from those without Fe3O4. This means no severe effect 

from the included Fe3O4 particles to the crystallization of BEA zeolite. Thus, ultrasonic 

waves greatly assisted the preparation of magnetic precursor gel which allowed synthesis 

of magnetic BEA zeolite using solid RHA-SiO2 via DGC method. The synthesis procedure 

including gel preparation, DGC, and calcination was shown in Figure 3.5. Non-magnetic 

BEA sample was also synthesized for comparison by excluding the addition of Fe3O4 

particles during gel preparation. The non-magnetic and magnetic BEA zeolite samples 

synthesized using RHA-SiO2 are called RHAS-BEA and magnetic RHAS-BEA hereafter, 

respectively.   

 

Figure 3.5 The DGC synthesis procedure of magnetic BEA zeolite using RHA-SiO2 [25]. 

 

3.4.3 Characterization of the calcined samples 

The as-synthesized samples were calcined at 450 °C for 12 h in order to remove the 

organic template (TEAOH) from the pore of zeolite. Figure 3.6a shows the XRD peaks of 

BEA zeolite present in both calcined non-magnetic and magnetic RHAS-BEA samples. 

This means that BEA zeolite phase was still preserved after calcination. Meanwhile, the 
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appearance of magnetic RHAS-BEA became reddish (inset photography in Figure 3.6a), 

and its XRD pattern shows a peak for a weaker magnetic phase, i.e., α-Fe2O3 (JCPDS 01–

1053, [29]). This indicates the oxidation of Fe3O4 during calcination, similar to our study 

in the previous chapter. 

 

Figure 3.6 (a) XRD patterns of RHAS-BEA and magnetic RHAS-BEA (with inset of the 

powder photography), (b) FE-SEM images of the samples obtained after calcination at 

450 °C for 12 h [25]. 

Figure 3.6b shows the FE-SEM images of the calcined samples observed at two 

different magnifications. The morphologies of both RHAS-BEA and magnetic RHAS-BEA 

were hardly different. The lower magnification images (× 5000) show the aggregates with 

sizes below 1 µm for both RHAS-BEA and its magnetic composite. The aggregate sizes of 

magnetic RHAS-BEA were found smaller than those of RHAS-BEA. This might be caused 
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by the large number of nuclei created between the Fe3O4 particles in the precursor gel 

[30,31]. At higher magnification (× 100000), rectangle-like faces of the crystals with rough 

surfaces were obviously seen for both samples, indicating aggregated nanoparticles of BEA 

which was also previously found in the literatures when DGC method was used [32,33]. 

The elemental analysis using FE-SEM-EDS at several spots reveals that the average 

Si/Al ratios of RHAS-BEA and magnetic RHAS-BEA were 48.8 ± 9.5 and 45.0 ± 14.8, 

respectively (Figure 3.7a), which fall in the range of high-SiO2 zeolites [34]. Figure 3.7b 

shows the elemental Si and Fe mapping of magnetic RHAS-BEA using FE-SEM-EDS. It 

is seen that Fe distributed mostly along with Si in the entire analysis area. This implies that 

all BEA zeolites contained Fe3O4 particles. The results clearly indicate that utilizing solid 

RHA-SiO2 in synthesis of magnetic BEA zeolite via DGC method is possible. Also, effect 

of the inclusion of magnetic particles to the morphologies of the composite was hardly seen.       

 

Figure 3.7 (a) FE-SEM-EDS results of the Si/Al ratio analysis of RHAS-BEA and 

magnetic RHAS-BEA and (b) Si and Fe elemental mapping of magnetic RHAS-BEA  

[25]. 

3.4.4 DGC synthesis of lower Si/Al using RHA-SiO2 

This experiment aimed for investigating the effect of Si/Al to adsorption of cationic 

pollutants, i.e., herbicides (paraquat). In addition, the effect of Si/Al against the morphology 
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of magnetic RHAS-BEA prepared using RHA-SiO2 was examined. The Si/Al ratios of 

RHAS-BEA and magnetic RHAS-BEA were decreased by decreasing amount of RHA-

SiO2 to half of the recipe used in Section 3.4.2. Amount of each ingredient is as follows: 

1.82 g of solid RHA-SiO2, 1.00 g of a 20 wt% NaOH solution, 8.26 g of a 10 wt% TEAOH 

solution, 0.30 g of solid Al2(SO4)3·14~18H2O, 4.08 g of distilled water, and 1.12 g of Fe3O4. 

The optimal DGC conditions and procedure shown in Figure 3.5 were also applied. 

The XRD patterns in Figure 3.8 indicate that BEA zeolite was able to crystallize 

regardless of Fe3O4 particles addition when RHA-SiO2 amount in the gel was decreased to 

half. The calcined magnetic RHAS-BEA still showed a minor mixed phased of α-Fe2O3, 

similar to previous experiments. 

 

Figure 3.8 XRD patterns of RHAS-BEA and magnetic RHAS-BEA prepared using lower 

amount of RHA-SiO2 via DGC method. The samples obtained after calcination at 450 °C 

for 12 h. 

The FE-SEM images in Figure 3.9 indicate that lowering Si content in the gel reduced 

particle sizes, in comparison to ones with higher Si. This could be assumably explained that 

lowering RHA-SiO2 resulted in higher OH−/Si ratio during gel preparation [35]. This means 

RHA-SiO2 could be dissolved more easier which shall have promoted nucleation. More 

rapid formation of aluminosilicate species results in shorter induction periods, larger 

number of nuclei and, finally, smaller crystal sizes [36]. However, the high magnification 
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FE-SEM images show similar rectangle-like faces of aggregated nanoparticles of BEA 

zeolite to those obtained with higher Si. 

 

Figure 3.9 Comparison of morphologies observed by using FE-SEM of the calcined 

samples prepared via DGC method using different amount of RHA-SiO2. 
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Figure 3.10 FE-SEM-EDS analyses of RHAS-BEA and magnetic RHAS-BEA prepared 

using lower amount of RHA-SiO2: (a) Spot analysis, (b) Si, Al, and Fe elemental mapping 

of magnetic RHAS-BEA. 

The Si/Al ratios analyzed by FE-SEM-EDS spot analysis were 23.3 ± 4.0 and 19.8 ± 

3.8 for RHAS-BEA and magnetic RHAS-BEA, respectively (Figure 3.10a). The Si/Al 

ratios are less than half of that of the samples synthesized using higher amount of RHA-

SiO2. The elemental mapping of the magnetic RHAS-BEA shows the distribution of Fe, 

representing the magnetic particles, along with that of Si and Al of the BEA zeolite phase 

(Figure 3.10b), considering the surface morphology well resembles that of BEA zeolite, the 

magnetic particles seem to have been incorporated inside the BEA zeolite particles. 

3.5 Determination of paraquat adsorption performance 

In this section, paraquat adsorption performance of BEA and magnetic BEA zeolite 

synthesized via DGC method using higher amount of RHA-SiO2 was tested by studying the 

adsorption kinetics and isotherms. Effect of initial pH on the adsorption performance was 

also investigated. All adsorption tests were performed using fixed adsorbent concentration 

of 1 g/L and orbital shaking speed of 120 rpm for 24 h at room temperature (26 °C). 



  Page | 87 
 

Aqueous solutions of paraquat were used throughout the experiments. Quantification of 

paraquat in the solutions was performed on the UV-Visible spectrophotometer (λ = 257 nm). 

Adsorption capacity of the adsorbent was calculated using Equation 2.2 (Chapter 2). 

3.5.1 Adsorption kinetics 

The adsorption kinetics were studied in order to examine the effect of contact time on 

paraquat adsorption. The testes were carried out by shaking the adsorbents in a paraquat 

solution (75 mg/L) for a varied contact time between 1 and 1440 min. The initial pH of the 

paraquat solution was not adjusted (≈ 5.8). The adsorption capacity for each contact time 

(qt) was calculated using the same equation for qe. The results were shown in Figure 3.11. 

Within 1 min, a significant amount of paraquat was rapidly adsorbed on RHAS-BEA and 

magnetic RHAS-BEA. The adsorbed amount continued to sharply increased until 10 min, 

indicating high adsorption rates of the synthesized adsorbents. Then the adsorption rate 

became slower and reached saturation at 60 min. In the previous studies that found in 

literatures, different types of zeolites such as FAU [37], modified FAU [38], and MFI [39] 

also showed fast adsorption rate of paraquat. Similar adsorption kinetic trends were found 

for RHAS-BEA and magnetic RHAS-BEA but the non-magnetic one showed higher 

saturated adsorbed amount. This could be due to the higher fraction of BEA zeolite (i.e., 

lower fraction of Fe3O4) in the non-magnetic one.      

 

Figure 3.11 Change in amount of paraquat adsorbed on RHAS-BEA and magnetic 

RHAS-BEA over time [25]. 
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Three most common linearized adsorption kinetic models namely pseudo-first-order 

(PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD) [40] were applied to 

the adsorption kinetic data. The linearized forms of PFO, PSO, and IPD models are shown 

in Equation 3.1–3.3. 

PFO: ln�qe - qt�  = ln qe  - k1t Equation 3.1 

PSO: 
t
qt

 = 
q

k2qe
2  + 

t
qe

 Equation 3.2 

IPD: qt = kipd√t +C Equation 3.3 

where qe and qt are the adsorption capacities of paraquat at equilibrium time (mg/g) and 

time t (mg/g), respectively; t is the adsorption time (min); k1, k2, and kipd are the adsorption 

kinetic constants of PFO (1/min), PSO (g/mg min), and IPD (mg/(g min1/2)), respectively; 

C is the intercept of IPD model which represents the thickness of the boundary layer [41]. 

Considering the highest R2 value, paraquat adsorption kinetics for RHAS-BEA and 

magnetic RHAS-BEA PSO model was found to best fit the PSO model, as shown in Figure 

3.12. The PSO fitting indicates that the surface adsorption, i.e., chemisorption, took place 

via electrostatic interaction between paraquat and the adsorbents [42]. 

 

Figure 3.12 PFO, PSO, and IPD adsorption kinetic model plots for paraquat adsorption 

on RHAS-BEA and magnetic RHAS-BEA [25]. 

k2 values calculated from the PSO linear equations of RHAS-BEA (i.e., 0.0087 g/mg) 

and magnetic RHAS-BEA (i.e., 0.0078 g/mg) were similar, which means the negligible 
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effect from the inclusion of Fe3O4 particles in the BEA zeolite to the adsorption rate of 

paraquat. The IPD plots show linear trends in three steps which means multiple-step 

adsorption occurred [43]. However, the trend lines of the first step did not pass through the 

origin. Intraparticle diffusion was therefore not considered as the primary mechanism in 

this study. These results reveal that the overall adsorption of paraquat adsorption might be 

controlled by a surface reaction through a chemisorption mechanism, rather than 

intraparticle diffusion. 

3.5.2 Adsorption isotherms 

The adsorption isotherms were studied in order to estimate the adsorption behavior. 

The tests were carried out by shaking the adsorbents in paraquat solutions prepared at a 

concentration range 10–750 mg/L for a fixed contact time of 24 h (26 °C). The experiments 

were carried out in duplicates. The initial pH values of the paraquat solutions were not 

adjusted (≈ 5.8). The results in Figure 3.13 show an increase in the qe values with the 

increasing Ce which saturated at ≈ 70 and 50 mg/g for RHAS-BEA and magnetic RHAS-

BEA, respectively. 

 

Figure 3.13 Adsorption isotherm of paraquat on RHAS-BEA and magnetic RHAS-BEA 

(error bars indicate the standard deviation) [25]. 

Linearized Langmuir and Freundlich adsorption models, as shown in Equation 2.4 

and 2.5 in Chapter 2, were used to evaluate the maximum adsorption capacity of paraquat. 
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The linear plots shown in Figure 3.14 indicate that Langmuir model is more suitable to 

describe the adsorption behavior of paraquat on RHAS-BEA and magnetic RHAS-BEA, 

according to the R2 values. 

 

Figure 3.14 Langmuir and Freundlich adsorption model plots for paraquat adsorption on 

RHAS-BEA and magnetic RHAS-BEA [25]. 

Langmuir model indicates a monolayer adsorption type on homogeneous sites on the 

adsorbent surface [44]. This model was found fitted to adsorption of paraquat on zeolites 

[8,45–48], and various adsorbents such ash mesoporous SiO2 [8,44,47,48], 

zeolite/mesoporous SiO2 composites [47], graphene oxide/mesoporous SiO2 composites 

[49], clays [50], and modified biopolymers [5,51,52]. From the Langmuir equations, qm 

values for RHAS-BEA and magnetic RHAS-BEA were calculated to be 75.64 ± 1.09 and 

54.71 ± 4.19 mg/g, respectively. As seen that qe value for magnetic RHAS-BEA is 

approximately 72.3% of the qe value for the non-magnetic one. The fraction of magnetic 

content in the as-synthesized magnetic RHAS-BEA was calculated to be 20.9 wt% using 

weight of the obtained dry gel, the amount of gel used for DGC, and weight of the as-

synthesized product. The amount of oxidized phase was small, and therefore the magnetic 

content should be almost maintained. Meanwhile, weight decrease after calcination of the 

non-magnetic RHAS-BEA revealed the amount of organic SDA in the samples–that means 

the total fraction of RHAS-BEA phase after calcination was known, i.e., cal. 71.8 wt%. 

This RHAS-BEA fraction is believed to be the same as that in the as-synthesized magnetic 
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RHAS-BEA. For example, when 0.2008 g of as-synthesized magnetic RHAS-BEA was 

calcined, the amount of RHAS-BEA was 0.718 × (0.2008 g – (0.209 × 0.2008 g)) = 0.1140 

g. The experimental data showed that the remaining weight of 0.2008 g sample after 

calcination was 0.1570 g. This amount might include RHAS-BEA and Fe3O4. Therefore, 

weight percentage of RHAS-BEA in the calcined magnetic RHAS-BEA sample is (0.1140 

g/0.1570 g) × 100 = 72.6 wt%. This amount is very similar to 72.3%. This is believed to be 

the reason of the lower qm value for magnetic RHAS-BEA sample. 

3.5.3 Effect of initial pH on paraquat adsorption 

The tests were carried out by shaking the adsorbents in a paraquat solution (100 mg/L), 

but the initial pH values were pre-adjusted between ≈ 3 to 9 using 0.1 mol/L HCl or 0.1 

mol/L NaOH solutions, for 24 h (26 °C). pH values outside this range were not considered 

since dealumination and dissolution of SiO2 of the adsorbents can be induced at very acidic 

region and highly alkali conditions, respectively. Also, most natural water is generally 

neutral. After 24-h shaking, the supernatants were taken to evaluate the effect of the initial 

pH to qe values. 

 

Figure 3.15 Effect of initial pH on paraquat qe values for RHAS-BEA and magnetic 

RHAS-BEA with inset of paraquat dichloride structure (error bars represent the standard 

deviation, n = 2) [25]. 
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As shown in Figure 3.15, the adsorption of paraquat on RHAS-BEA and magnetic 

RHAS-BEA was pH-dependent in aqueous solutions. The qe values became lower when the 

pH decreased from ≈ 6 (the non-adjusted pH value of the paraquat solution) to 3, but tended 

to slightly increase at higher pH values. The qe values seemed to be constant above pH 7. 

This trend was observed for both RHAS-BEA and magnetic RHAS-BEA. The paraquat 

structure, inset in Figure 3.15, has no protons left at the two positively charged quaternary 

amine groups to be further protonated or deprotonated. This cationic form therefore might 

have existed over a wide pH range, which means the change in initial pH values did not 

change the ionic form of paraquat. The pH values at the point of zero charge on the 

adsorbent surfaces (pHpzc) was determined by shaking the adsorbents (0.5 g/L) in 0.01 

mol/L NaCl solutions that had initial pH values (pHi) in the range ≈ 3–10 for 24 h at 26 °C. 

After filtration, the final pH values (pHf) of the solutions were measured. The differences 

between pHi and pHf were plotted against their pHi values. The connecting lines that pass 

pHi − pHf = 0 is the pHpzc of the adsorbents, as depicted in Figure 3.16. 

 

Figure 3.16 pHpzc values of RHAS-BEA and magnetic RHAS-BEA [25]. 

It was found that the initial pH values affected the surface charges on the adsorbents. 

Similarly, the pHpzc values for RHAS-BEA and magnetic RHAS-BEA were 6.3 and 5.9, 

respectively. At pH values below the pHpzc the surface charges tended to be positive due to 

the protonation of the hydroxy groups [53], i.e., –OH + H+ → –OH2
+, on the surface, 
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whereas the deprotonation might occur at higher pH region above pHpzc, i.e., –OH + OH− 

→ –O− + H2O, which results in negatively charged on the surface. This might reflect the 

lower qe values at lower initial pH due to the electrostatic repulsion between cationic 

paraquat and the positively charged surface of the adsorbent. In contrast, the negatively 

charged surface of the adsorbent at higher pH shall attract the cationic paraquat which 

yielded higher qe values. However, the qm values in this study were calculated from the 

adsorption isotherm studies carried out using the original pH value ≈ 5.8, which is sufficient 

for the typical pH range in most natural waters [37].      

3.5.4  Possible interactions between paraquat and the synthesized adsorbents 

It is noteworthy that the surface charge approaches neutral at pH ≈ pHpzc but paraquat 

was still adsorbed on the adsorbents, as shown by the qe values at the initial pH ≈ 6. Thus, 

interactions other than the aforementioned electrostatic forces may be contributing to the 

adsorption. Ion exchange between Na+ ions at the [AlO4/2]− sites and cationic paraquat was 

reported to happen during adsorption [47,54]. The adsorbents prepared using less RHA-

SiO2 (lower Si/Al ratios), namely with larger ion exchange capacity due to larger amount 

of [AlO4/2]− sites,  were used to investigate the possible ion exchange. 

 

Figure 3.17 Comparison of qe values for paraquat adsorption on RHAS-BEA and 

magnetic RHAS-BEA that have different Si/Al ratios (error bars represent the standard 

deviation, n=2). 
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As shown in Figure 3.17, significant increase in qe values was found, approximately 

19%, when the adsorbents that had lower Si/Al ratios were used. This means more paraquat 

was adsorbed on the adsorbents when amount of [AlO4/2]− sites in BEA zeolite increased. 

The larger amount of Na+ available for ion exchange with cationic paraquat may have 

caused this change. Whereas the smaller crystal sizes might have also resulted higher qe due 

to higher surface area. However, the implied the contribution of ion exchange in the 

adsorption of paraquat on RHAS-BEA and magnetic RHAS-BEA adsorbents. The 

molecular size of paraquat is 0.64 × 0.34 × 1.34 nm [8,55], which is smaller than Na+-BEA 

zeolite cavity. That means the adsorption could take place via pore diffusion. Several 

studies have previously reported other mechanisms than ion exchange. Rasaie et al. 

explained that hydrogen bonding also took place during paraquat adsorption on mesoporous 

SiO2-modified bentonite [44], while Keawkumay et al. said that hydrogen bond was found 

between the H atom of paraquat and the O atom centered around Al in FAU zeolite [46]. 

Osakoo et al. utilized X-ray photoelectron spectroscopy to analyze surface of paraquat-

adsorbed FAU zeolite/mesoporous SiO2 composite, which found binding energy between 

the C and N atoms of paraquat and the centered O atom in the composite [47]. According 

to the analysis results obtained from Fourier-transform infrared spectroscopy, Rongchapo 

et al. found evidence of interaction between the aromatic rings and methyl groups of 

paraquat and FAU framework [54]. A similar phenomenon may have occurred in this study. 

3.6  Magnetic separability of the adsorbents from aqueous solutions  

Figure 3.18a presents a simple magnetic separation of the adsorbents. In the absence 

of Nd magnet, both non-magnetic and magnetic RHAS-BEA slowly settled to the bottom 

of the bottles, and most of the them remained in the liquid phase. When the Nd magnet was 

attached to the wall of the bottle the magnetic RHAS-BEA quickly attracted the magnetic 

field and the solution became much clearer within 1 min, while the non-magnetic one did 

not attract. This proves that the magnetic adsorbent was effective for quick collection using 

a magnet. 
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Figure 3.18 (a) Settling of RHAS-BEA and magnetic RHAS-BEA with and without Nd 

magnet for 1 min, (b) magnetic separability of RHAS-BEA and magnetic RHAS-BEA 

evaluated by monitoring the change in suspended solid concentrations over time, and inset 

of magnet’s position during the measurement [25]. 

Ability of the adsorbents to be separated from aqueous solution under magnetic field 

was evaluated by monitoring the sedimentation behavior of adsorbents suspended in an 

aqueous media. RHAS-BEA and magnetic RHAS-BEA particles at a concentration of 100 

mg/L in distilled water were shaken for 2 h. The suspensions were allowed to stand in the 

absence or presence of a neodymium magnet (Nd, surface flux density of 0.45 T) for 0.5–

60 min at room temperature. The position of the Nd magnet is illustrated as inset in Figure 

3.18b. Suspended solids (SS) concentration, in mg/L, in the supernatant was evaluated by 

converting turbidity (in formazin turbidity unit) using a calibration curve prepared from 

solutions with known SS concentrations. As seen in Figure 3.18b, the concentration of SS 

slowly decreased in the absence of magnet for both samples, in which the magnetic RHAS-

BEA sedimented more slowly because of its smaller aggregate sizes. The SS level could 

not meet the SS standard value for rivers set in the Japan Environmental Quality Standards 

for Protecting the Living Environment (25 mg/L) [56] even after waiting for an hour. 

Meanwhile, when a magnet was applied, the SS for non-magnetic RHAS-BEA slowly 

decreased at similar rate to the test without magnetic field while that for magnetic RHAS-

BEA sharply decreased to below 25 mg/L. These results reveal that the co-existing weakly 
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magnetic phase, i.e., α-Fe2O3, did not show severe adverse effect on the separation of the 

magnetic RHAS-BEA adsorbent. Therefore, compositing RHAS-BEA zeolite with 

magnetic particles greatly facilitated the collection of adsorbents after paraquat removal. 

3.7 Reusability and ions leached from the adsorbents during adsorption  

Economic feasibility was considered in terms of reusability in addition to adsorption 

performance and magnetic separability. This is an important aspect in practical water 

treatments. In most studies, the adsorption of paraquat on adsorbents is mainly ion exchange, 

which is inhibited in acidic media or at high salinity. Therefore, salt solutions [50] and acid 

solutions [4,41,49] were previously used as desorption solvents for regenerating adsorbents 

after paraquat adsorption. However, handling of washing solutions after adsorbent 

regeneration was of concern. Thus, thermal treatment of the spent adsorbent was considered 

in this work. After paraquat adsorption, using 500 mg/L-paraquat solutions, the paraquat-

adsorbed RHAS-BEA and magnetic RHAS-BEA adsorbents were collected and calcined in 

air at 450 C for 6 h. This temperature is above the thermal degradation temperature of 

paraquat, i.e., 300 °C [57]. The thermal treated adsorbents were then reused in the following 

adsorption cycle. 

Figure 3.19 presents the qe values obtained from each adsorption/regeneration cycle. 

The regenerated adsorbents show lower qe values by approximately 40 and 30% for RHAS-

BEA and magnetic RHAS-BEA, respectively, than the pristine ones. After the first reuse, 

the adsorbents show unchanged qe values for additional three re-adsorption/regeneration 

cycles. The lower adsorption performance after the first cycle can be attributed to the 

incomplete removal of adsorbed paraquat. The residue may remain at the least accessible 

sites, hindering the access of paraquat in the following cycles. 
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Figure 3.19 qe values for RHAS-BEA and magnetic RHAS-BEA obtained after five 

consecutive adsorption/thermal regeneration cycles (error bars represent the standard 

deviation, n=2) [25]. 

Regardless of the initial use, the adsorbents could be reused for at least four cycles 

without showing degradation in their performance, i.e., the qe values were in the range 37.08 

± 7.95 and 35.21 ± 4.04 mg/g for used RHAS-BEA and magnetic RHAS-BEA, respectively. 

These levels are still acceptable and comparable to those of fresh adsorbents reported 

previously (Table 3.3), given the advantages of using DGC method, and magnetic 

separability. Moreover, the similar adsorption amounts among the four-time regeneration 

revealed that there was no negative impact on the adsorption due to the inclusion of Fe3O4 

particles in the BEA zeolite. 

Stability of the synthesized adsorbents were evaluated by investigating the ions leached 

from the adsorbents during the adsorption tests, i.e., Si, Al and Fe. Suspension of adsorbents 

(1 g/L) in water and paraquat solution (1 mg/L) was shaken for 3 h at 26 °C. The solutions 

were collected for measuring the potential leached elements using ICP-AES. It was found 

that Si slightly leached from the adsorbents while Al was not detected in the solutions after 

3-h shaking time at pH ≈ 6. The detected concentration of Si in RHAS-BEA and magnetic 

RHAS-BEA suspension were 1 mg/L and 0.4 mg/L, respectively, which were 
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approximately 0.1 and 0.04 wt% of the pristine RHAS-BEA and magnetic RHAS-BEA 

adsorbents, respectively. The leaching of Si at this level was considerably negligible which 

indicates that the developed adsorbents are stable under the tested conditions. For the 

magnetic RHAS-BEA, Fe was not detected in the adsorption solution, which also supports 

the idea that the magnetic particles were incorporated inside the zeolite particles. 

3.8 Co-adsorption tests 

3.8.1 Paraquat adsorption with co-existing of blue dye 

Aqueous paraquat solutions are generally colorless. Additives, i.e, dyes, are therefore 

used in commercial herbicides in order to avoid accidental poisoning [8,38]. This 

experiment is carried out to examine the paraquat adsorption selectivity in the presence of 

a representative blue dye, i.e., Cibacron blue 3G-A (CB), in practical applications. Paraquat 

and CB aqueous solutions were prepared individually and mixed. Fixed concentration of 

paraquat at 40 µmol/L (equivalent to 10 mg/L) in both single and mixed solutions was used, 

while CB concentration was examined at two different levels, i.e., 4 and 40 µmol/L 

(neglected the purity). Single and binary adsorption tests were performed using the 

adsorbent concentration of 1 g/L, contact time of 24 h at 26 °C, and non-adjusted pH values. 

The UV–Visible spectrophotometer was used to measure the concentration of paraquat and 

CB. 

 

Figure 3.20 (a) UV–Visible absorption spectra of paraquat and CB [25], (b) Chemical 

structure of CB. 
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The UV–visible absorption spectra of paraquat and CB, presented in Figure 3.20a, 

showed the strong absorption band at 600 nm for CB and the co-absorption peaks of 

paraquat and CB at 257 nm which hindered the quantification of paraquat. The co-

absorption effect was subtracted in the binary mixture using the constant ratio between the 

absorbance at 257 and 600 nm of a single CB. The results in Figure 3.21 show that paraquat 

removal efficiencies of more than 99% in the single adsorption and with the presence of CB 

at two different levels. This means that CB did not suppress the adsorption of paraquat, 

whereas the adsorbents only adsorbed a small amount of CB since its molecular size is 

much larger than that of paraquat (see the chemical structure of CB in Figure 3.20b). The 

results implies that the synthesized RHAS-BEA and magnetic RHAS-BEA have high 

potential in selective removal of paraquat from commercial herbicides. 

 

Figure 3.21 Paraquat (PQ) removal efficiency of RHAS-BEA and magnetic RHAS-BEA 

tested without (solid-fill bars) and with co-existing of CB (pattern fill bars) systems [25]. 

3.8.2 Paraquat adsorption with co-existing of diquat 

Herbicides that have similar structures to paraquat might also be adsorbed on the 

developed adsorbents through similar mechanisms. Diquat is one of the commonly used 

herbicides along with paraquat [58] and also shows negative effects to human health [59]. 

Both paraquat and diquat should be therefore removed from water. Paraquat and diquat 

aqueous solutions were prepared individually and mixed at fixed concentration of 40 

µmol/L. Single and binary adsorption tests were performed using the adsorbent 



  Page | 100 
 

concentration of 1 g/L, contact time of 24 h at 26 °C, and non-adjusted pH values (≈ 5.8). 

UV absorption spectra of paraquat and diquat were recorded and compared using the UV–

Visible spectrophotometer. 

 

Figure 3.22 UV absorption spectra of paraquat and diquat before and after adsorption on 

RHAS-BEA and magnetic RHAS-BEA tested using single and mixed systems [25]. 

Before adsorption, paraquat and diquat showed strong UV absorption peaks at 257 

and 322 nm, respectively, in both single and mixed solutions as shown in Figure 3.22. After 

adsorption using RHASBEA and magnetic RHAS-BEA, their UV absorption intensities 

decreased below the detection limit of the spectrophotometer for both single and mixed 

systems. This means that diquat is also adsorbed onto the synthesized adsorbents and did 

not interfere the adsorption of paraquat. Therefore, the developed RHAS-BEA and 

magnetic RHAS-BEA show another advantage of being applicable for simultaneous 

removal of more than one herbicide from contaminated waters. 
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3.9 Comparison of adsorption performance of this work with other adsorbents 

The difference in experimental conditions and adsorbent natures make direct 

comparison of adsorption performance among various types of adsorbents rather difficult. 

However, the Langmuir maximum adsorption capacities (qm) of various adsorbents, 

summarized in Table 3.3, are compared per equal weight of each adsorbent, i.e., 1 g 

adsorbent. The developed adsorbents in this work showed lower qm values than the low-

SiO2 zeolites reported in several papers, including the BEA zeolite prepared by 

conventional hydrothermal synthesis using RHAS [8], but higher adsorption performance 

than those of several types of adsorbents, such as mesoporous SiO2, clays, graphene oxide, 

and H-LTL zeolites. Despite the moderate adsorption performance, the developed RHAS-

BEA and magnetic RHAS-BEA adsorbents show following advantages: they are 

synthesized through the use of agricultural waste–derived ingredients; the magnetic 

adsorbent can be easily collected through magnetic separation; and they both can also be 

reused. Additionally, our adsorbents exhibited a paraquat removal efficiency of more than 

99% in the presence of blue dye. Thus, RHAS-BEA and magnetic RHAS-BEA could be 

used as alternative candidates for paraquat removal from contaminated waters. 
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Table 3.3 Langmuir maximum paraquat adsorption capacities of the adsorbents in this 

study and previous studies [25]. 

Adsorbents Adsorption test conditions qm 

(mg/g) 

Reported 

number of 

reuses 

(cycle) 

Ref. 

C0 

(mg/L) 

Adsorbent 

dosage (g/L) 

Contact 

time 

(min) 

pH Temp. 

(°C)  

k-carrageenan modified 

Fe3O4@SiO2 nanosorbent  

30–900 0.50 60 7.3 25 257 4* [5] 

FAU (NaY) zeolite (Si/Al = 

2.40) 

100–

1500 

2.5 60 5 25 234.40 NR [46] 

FAU (NaY) zeolite (Si/Al = 

3.5) 

100–750 2.5 60 NR RT 204.1 NR [47] 

FAU (NaY) zeolite (Si/Al = 

2.2)  

80–1000  2.5 60 NR RT 185.2 NR [8] 

K-LTL zeolite (Si/Al = 3.14) 50–500 2.0 1440 11 30 166.71 NR [45] 

FAU (NaY) zeolite /SBA-15 

composite (Si/Al = 4.7) 

100–750 2.5 60 NR RT 144.9 NR [47] 

BEA zeolite (Si/Al = 14.2) 80–1000  2.5 60 NR RT 122.0 NR [8] 

FAU (NaX) zeolite (Si/Al = 

1.27) 

80–720 2.5 60 NR RT 120.3 NR [48] 

Poly (vinyl alcohol)-

cyclodextrin nanosponges 

25–300 2 180 6.5 30 112.2 5* [60] 

2,2,6,6-tetramethylpiperidine 

1-oxyl oxidized cellulose 

nanofibers 

NR 0.10 120 7 30 108 NR [51] 

NR = not reported; RT = Room temperature; * = number of reuses with no significant change in adsorption performance, including the 

first use. 
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Table 3.3 (Continued) [25]. 

Adsorbents Adsorption test conditions qm 

(mg/g) 

Reported 

number of 

reuses 

(cycle) 

Ref. 

C0 

(mg/L) 

Adsorbent 

dosage (g/L) 

Contact 

time 

(min) 

pH Temp. 

(°C)  

Algerian bentonite 50–300 2.0 1440 NR 25 100 NR [50] 

FAU (HY) zeolite (Si/Al = 

50) 

50–250 1.0 1440 11 30 92.59 NR [37] 

RHAS-BEA zeolite (Si/Al = 

48.8) 

10–750 1.0 1440 5.8 26 75.64  4 This 

study 

SDS-modified FAU (HY) 

zeolite (Si/Al = 50) 

50–250 1.0 1440 11 30 71.42 NR [37] 

25%Al-MCM-41 80–560 2.5 60 NR RT 65.6 NR [48] 

Magnetic RHAS-BEA 

zeolite (Si/Al = 45.0) 

10–750 1.0 1440 5.8 26 54.71  4 This 

study 

Graphene oxide/SiO2 4–24 0.40 2 7 25 31.34 4 [49] 

H_LTL zeolite (Si/Al = 5.10) 50–500 2.0 1440 11 30 25.67 NR [45] 

Polyester textile coated with 

cyclodextrin 

10–250 2 420 6.5 30 24.2 6* [52] 

MCM-41 80–1000  2.5 60 NR RT 21.3 NR [8] 

Rice husk ash-SiO2 80–1000  2.5 60 NR RT 18.9 NR [8] 

NR = not reported; RT = Room temperature; * = number of reuses with no significant change in adsorption performance, including the 

first use. 
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Table 3.3 (Continued) [25]. 

Adsorbents Adsorption test conditions qm 

(mg/g) 

Reported 

number of 

reuses 

(cycle) 

Ref. 

C0 

(mg/L) 

Adsorbent 

dosage (g/L) 

Contact 

time 

(min) 

pH Temp. 

(°C)  

Ketoenol–pyrazole receptor 

functionalized SiO2 

NR 2 NR 11.0 25±0.1 17.63 5* [41] 

SBA-3-SO3H decorated 

Fe3O4/SiO2 core shell 

nanoparticles 

5–75 2.4 60 7.0 RT 14.73 6* [4] 

Bentonite/SiO2 4–24 1.6 2 7 NR 11.75 NR [44] 

Acid activated bentonite 4–24 1.6 2 NR NR 5.93 NR [44] 

NR = not reported; RT = Room temperature; * = number of reuses with no significant change in adsorption performance, including the 

first use. 
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3.10 Conclusion 

This work succeeded in developing a sustainable, environmentally friendly and cost-

effective approach for preparation of magnetic BEA zeolite. Bulky solid rice husk ash-SiO2 

was possibly used in the preparation of a uniform dry precursor gel with the assistance of 

ultrasonic waves before converting to magnetic zeolite composite via DGC method. The 

inclusion of Fe3O4 particles by using this method showed no adverse effects to the surface 

morphologies of BEA zeolite. The prepared composite also showed sustainability as an 

adsorbent for fast adsorption of paraquat in aqueous solutions with quick magnetic 

separability, and excellent reusability. This work contributes to sustainable circulation of 

materials in agriculture owing to the utilization of agricultural waste–derived materials for 

treating of agrochemical contaminated water.    

Additionally, this study has proved that the prepared magnetic BEA zeolite in this 

study is a potential adsorbent for cationic pollutants. In the next chapter, adsorption of 

inorganic cations, i.e., heavy metals, using the synthesized RHAS-BEA and magnetic 

RHAS-BEA are studied.   
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CHAPTER 4 

Removal of heavy metals by magnetic BEA zeolite prepared using rice 

husk ash–SiO2 in dry-gel conversion method 

4.1 Background 

4.1.1 Heavy metals: potential sources and environmental effects 

Metals and metalloids that have densities above 5 g/cm3 and atomic weight in the 

range 63.5–200.6 g/mol are classified as heavy metals [1]. Most heavy metals such as 

cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg), nickel (Ni), copper (Cu) and zinc 

(Zn) are highly toxic elements, unless some of them are considered as essential micro-

nutrient elements such as Cr, Cu, Ni [2] and Zn [3] owing to their important roles in giving 

positive effect to growth of plants, animals and human. Therefore, heavy metals can be 

either found as the active ingredients, i.e., Cu, Zn, in fungicides and fertilizers [4] or as 

contaminants in fertilizers and pesticides, i.e., Pb, Cr, Cd [5]. Heavy metals have been 

known to be one of the leading harmful contaminants worldwide for decades. 

Contamination of heavy metals that are released from diverse sources in water, as shown in 

Figure 4.1, can be bioaccumulated in aquatic animals, i.e., fishes, which are further 

consumed by human and leads to potential health risks [6]. Agricultural activities become 

a main source of heavy metal contamination through the utilizing fertilizers and pesticides 

[7,8].  Consequently, long-term overuse of agrochemicals become an anthropogenic source 

of water pollution. Removal of heavy metals from polluted water is therefore still of 

necessary to return cleaner resource to society. 

Long-term exposure to heavy metals causes toxicity in human body systems such as 

nervous, skin, cardiovascular, and reproductive systems. Intake of heavy metals can also 

lead to genotoxicity in which human DNA is damaged [9]. Many diseases such as 

Alzheimer's, Parkinson's, muscle dystrophy, and multiple sclerosis, etc., are the results of 

heavy metal toxicities in vital organs [10]. Pb, Cu, and Zn are commonly found in 

agrochemicals and as contaminants in environment, i.e., soil and water [11,12]. According 

to the Agency for Toxic Substances and Disease Registry, these heavy metals have been 
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ranked 2nd, 74th, and 120th, respectively, in the 275 substances priority list that have most 

significant potential threat to human health [13]. Circulatory and nervous system-related 

diseases can be caused by Pb, whereas ingestion of Cu causes damage to liver and kidney 

and lung cancer. The adverse effect of Zn is to cause dehydration, depression, and anemia 

[14]. Removal of these three representative heavy metals is of necessary.  

 

Figure 4.1 Heavy metals released from different sources to water and their 

bioaccumulation by aquatic animals. Reprinted with permission from Ajala et al. [6]., 

Environmental Science and Pollution Research, 29, 82660–82680, 2022, Springer Nature. 

4.1.2 Adsorption of heavy metals using zeolitic adsorbents 

Adsorption is among several physical water treatment methods that is the simplest, 

robust, and cost-effective method. After the treatment process, the adsorbents that are used 

to remove pollutants can be collected and reused, whereas the effective chemical methods, 

i.e., chemical precipitation, leave behind sludge as secondary waste [15,16]. There are 

diverse types of adsorbents used for removal of heavy metals from water which generally 

rely on the chelation between the hydrophilic surface, containing carboxylic acid, amino-

carbonyl, hydroxyl, and sulfonic acid groups, of the adsorbents and heavy metal ions. Such 

adsorbents, e.g., graphene oxide, activated carbon, functionalized mesoporous SiO2, 
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chitosan, biosorbents, etc., are mostly reported in heavy metal adsorption [17]. Ion 

exchange is another process that is utilized for removal of heavy metals by using materials 

that possess cation exchange properties such as zeolites, sodium titanates, metal sulfides, 

layered double hydroxides, metal tungstates, etc. [18].   

Among those materials, zeolites have been utilized in wastewater treatment for a long 

time. Zeolites are a group of crystalline aluminosilicates that are available in nature and as 

synthetics with various uniform micropore sizes. Three-dimensional connection of primary 

SiO4/2 and [AlO4/2]− tetrahedra units results in various zeolitic framework types [19]. In 

addition to their various pore sizes, the exchangeable counter cations at the [AlO4/2]− sites 

allow zeolites themselves being cation exchanger. The most abundant natural zeolite, i.e., 

clinoptilolite (HEU), has been intensively used in many studies on heavy metal adsorption 

[20]. Other small to medium pore natural zeolites, such as erionite (ERI), chabazite (CHA), 

and mordenite (MOR) also showed cation exchange properties to several heavy metal ions 

[21]. However, the impurity of natural zeolites might have limited their cation exchange 

capacities [22]. Synthetic zeolites therefore became emerging alternative adsorbents for 

removal of heavy metals. Large pore zeolites, e.g., NaX and NaY (i.e., that belong to FAU-

type), also have high capacities towards adsorption of heavy metals [23,24]. 

BEA zeolite is a large pore 12-membered ring zeolite and possesses high 

hydrothermal stability and high acidity [25]. Most of BEA zeolites were easily synthesized 

with Si/Al ratios in the range 10–30 [26], which are considered as high SiO2 zeolites [27]. 

However, its low negatively charged [AlO4/2]− content sufficiently allows for attraction to 

cationic species such as cationic organic dyes [28–30], and herbicides [31,32]. The 

application of high-SiO2 BEA zeolite as adsorbent in removal of heavy metals is rarely 

reported [33,34], more studies on utilizing this type of adsorbent is beneficial in 

environmental protection. In most studies, combination of different properties from 

different materials as composites succeeds in improving heavy metal adsorption 

performance and collectability of zeolites [22]. Magnetic zeolite composites are easier to 

collect after the adsorption process which are beneficial in practical manipulation. Recently, 

magnetic BEA zeolite was successfully synthesized in this thesis research using agricultural 
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waste-derived materials, rice husk ash-SiO2, in an environmentally friendly DGC method, 

(Chapter 3). The magnetic composite shows high potential as a sustainable adsorbent for 

removal of cationic herbicide from agricultural affected water. Ion exchange of the cationic 

herbicide was assumed on this magnetic BEA zeolite and is thus anticipated to be able to 

adsorb cationic heavy metals as well. 

4.2 Objective 

This chapter investigates the adsorption performance of magnetic BEA zeolite that was 

prepared using solid rice husk ash–SiO2 in DGC method towards removal of heavy metal 

ions, i.e., Pb(II), Cu(II), and Zn(II) that are mostly derived from using fertilizers. This work 

aims to show the extension of utilizing sustainable adsorbent synthesized by using 

agricultural waste in the treatment of wastewater affected by the use of agrochemicals.  

4.3 Materials 

Chemicals and equipment used in this chapter are listed in Table 4.1 and 4.2, 

respectively. BEA and magnetic BEA zeolite (RHAS-BEA and magnetic RHAS-BEA) 

prepared using rice husk ash-SiO2 and dry-gel conversion method in Chapter 3 were used 

as adsorbents.  
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Table 4.1 Chemicals 

Name (Formula, purity) Manufacturer, country 

Lead (II) nitrate (Pb(NO3)2, 99.9%) Fujifilm Wako Pure 

Chemical Corp., Japan 

Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O, 

77.0~80.0 wt% as Cu(NO3)2) 

Nacalai Tesque, Japan 

Zinc sulfate heptahydrate (ZnSO4·7H2O, 99.5 wt%) Nacalai Tesque, Japan 

Sodium nitrate (NaNO3, 99.0 wt%) Nacalai Tesque, Japan 

Lead standard solution (Pb, 1000 mg/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

Copper standard solution (Cu, 999 mg/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

Zinc standard solution (Zn, 1001 mg/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

Silicon standard solution (Si, 1.00 mgSi/mL) Nacalai Tesque, Japan 

Aluminum standard solution (Al, 1002 mgAl/L) Fujifilm Wako Pure 

Chemical Corp., Japan 

Iron standard solution (Fe, 1001 mgFe/L) Fujifilm Wako Pure 

Chemical Corp., Japan 
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Table 4.2 Equipment 

Name Model Manufacturer, country 

Convection oven  SOFW-300SB AS ONE Corporation, Japan 

Horizontal shaker MK161 Yamato Scientific, Japan 

Field emission-scanning electron 

microscope (FE-SEM)  

JSM-6330F JEOL, Japan 

Inductively coupled plasma-Atomic 

emission spectrometer (ICP-AES) 

SK-II Seiko Instrument, Japan 

X-ray photoelectron spectrometer 

(XPS, Al-kα (1486 eV)) 

ESCALAB 

250Xi 

Thermo Fisher Scientific, 

USA 

 

4.4 Adsorption of heavy metals 

The adsorption studies generally were carried out using batch adsorption. Fixed 

conditions were used throughout the experiments, i.e., adsorbent concentration (1 g/L), a 

shaking speed (80 rpm) and temperature (26 °C), unless otherwise stated. Aqueous 

solutions of the heavy metals were prepared using distilled water and used without pH 

adjustment. The initial pH values of Pb(II), Cu(II), and Zn(II) solutions were in the range 

5.2–5.9, 5.2–5.7, and 5.7–6.6, respectively. After adsorption, the solutions were filtered 

through PTFE syringe filters (0.22 µm) before measuring the concentration of heavy metal 

ions using ICP-AES. The adsorption amount of each heavy metal was calculated using 

Equation 2.2 as shown in Chapter 2. 

4.4.1 Effect of Si/Al ratio of the synthesized magnetic RHAS-BEA 

Before further studies on adsorption kinetic and isotherm, effect of Si/Al ratio of the 

magnetic RHAS-BEA synthesized in Chapter 3 using RHA-SiO2 and DGC method was 

examined. The adsorption tests were conducted using equal molarity of each heavy metal. 

Magnetic RHAS-BEA with two different Si/Al ratios of 23.3 and 48.8 were used in this 

study, which was found to affect the adsorption capacity of the heavy metals, as shown in 



  Page | 121 
 

Figure 4.2. The lower Si/Al ratio shows higher adsorbed amount of each heavy metal ion. 

This supports the anticipation that more negatively charged [AlO4/2]− sites are available for 

ion exchange with the cationic metal ions when the Si/Al ratio of the BEA zeolite is lower 

[33]. The magnetic RHAS-BEA with lower Si/Al ratio was subsequently used for the 

evaluation of heavy metal adsorption performance. The studies were also carried out for 

non-magnetic RHAS-BEA for comparison. 

 

Figure 4.2 Effect of Si/Al ratio of magnetic RHAS-BEA on the adsorption amount of 

Pb(II), Cu(II), and Zn(II) [35]. 

4.4.2 Adsorption kinetics 

Adsorption kinetics of Pb(II), Cu(II), and Zn(II) in single system were studied in order 

to examine the metal ions uptake rate for scaling up the process in practical use, and also to 

predict the adsorption mechanism. The experiments were carried out by examining the 

adsorption amount over varied shaking time from 1 min to 180 min at a fixed initial metal 

ion concentration (≈ 0.75 mmol/L). The change in q values for each heavy metal as a 

function of time (qt) is shown in Figure 4.3. Adsorption of Cu (II) and Zn(II) quickly 

reached saturation within 5 min whereas that of Pb(II) was continuously increased and 

became slower from 30 min before approaching saturation at 1 h. Pb(II) was found to have 

higher equilibrium adsorbed amount than Cu(II) and Zn(II). The adsorption kinetic trend 

was identically observed for both RHAS-BEA and magnetic RHAS-BEA. 
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Figure 4.3 Adsorption kinetics of Pb(II), Cu(II), and Zn(II) on RHAS-BEA and magnetic 

RHAS-BEA [35]. 

The obtained change in adsorbed amount as a function of time data was plugged in 

four linear forms of PFO, PSO, Elovich, and IPD adsorption kinetic models. The linear 

equations of PFO, PSO, and IPD are shown in Equation 3.1–3.3, respectively, in Chapter 3, 

and that of Elovich is shown in Equation 4.1. 

Elovich: qt = 
1
β

ln(αβ)  + 
1
β

ln t Equation 4.1 

where α and β are the initial adsorption rate (mmol/g min) and the constant related to the 

extent of surface coverage and activation energy for chemisorption (g/mmol) in the Elovich 

model, respectively [36]. 

Considering the higher R2 values (> 0.999), the adsorption kinetics of the three types 

of heavy metal ions best fitted to the PSO model. PFO also showed good fit to some extent; 

however, the R2 values were much lower compared to that of the PSO model (Figure 4.4). 

Elovich and IPD models were found to be inappropriate (Figure 4.5). The IPD model plots 

for most cases were divided into two regions in which their trend lines did not pass through 

the origin, indicating the inapplicability of this model to describe the adsorption in this case. 

The good fit of the data to the PSO model indicates that the surface adsorption might have 

been the rate-limiting step, involving chemisorption of the metal ions onto the adsorbent 

surface [37]. This assumption was mostly found suitable to describe the uptake kinetic of 



  Page | 123 
 

divalent heavy metals on zeolite-based adsorbents [22] and various types of adsorbents such 

as metal oxide nanoparticles [38,39], carbon-based materials [40], metal-organic 

frameworks [41], biosorbent [42], and biopolymer-based materials [43]. 

 

Figure 4.4 PFO and PSO adsorption kinetics model plots of Pb(II), Cu(II), and Zn(II) on 

RHAS-BEA and magnetic RHAS-BEA. BEA and BEA/Fe3O4 in the figure represent 

RHAS-BEA and magnetic RHAS-BEA, respectively [35]. 
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Figure 4.5 Elovich and IPD adsorption kinetics model plots of Pb(II), Cu(II), and Zn(II) 

on RHAS-BEA and magnetic RHAS-BEA. BEA and BEA/Fe3O4 in the figure represent 

RHAS-BEA and magnetic RHAS-BEA, respectively [35]. 
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4.4.3 Adsorption isotherm 

For evaluation of the adsorption behavior, adsorption isotherm studies of the heavy 

metals were carried out using different initial metal ion concentrations in the range 0.15~1.5 

mmol/L, at room temperature (26 °C). The change of q values at equilibrium as a function 

of equilibrium concentration of metal ion (Ce) for each heavy metal ion was shown in Figure 

4.6. 

 

Figure 4.6 Adsorption isotherms of Pb(II), Cu(II), and Zn(II) on RHAS-BEA and 

magnetic RHAS-BEA at 26 °C [35]. 

The highest adsorbed amount was found for Pb(II) in the whole concentration range 

while Cu(II) and Zn(II) showed similar saturated adsorbed amount for both RHAS-BEA 

and magnetic RHAS-BEA. Again, the Langmuir and Freundlich adsorption isotherm 

models (Equation 2.4 and 2.5 in Chapter 2) were used to investigate the adsorption behavior 

and the maximum uptake capacity of the metal ions on the synthesized adsorbents. 

Figure 4.7 indicates that Langmuir model was more suitable to describe the 

adsorption behavior and predict the maximum adsorption capacity. Fitting of the adsorption 

to the Langmuir model implies that adsorption of those heavy metals was monolayer-type 

on a homogeneous surface [1]. 
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Figure 4.7 Langmuir and Freundlich adsorption isotherm model plots of Pb(II), Cu(II), 

and Zn(II) on RHAS-BEA and magnetic RHAS-BEA [35]. 

The qm values calculated from the Langmuir plots of the heavy metal are in the order 

Pb(II) > Cu(II) ≈ Zn(II) for both RHAS-BEA and magnetic RHAS-BEA (Table 4.3), which 

indicate moderate performance among other types of zeolites e.g. FAU (NaX [23,24], illite 

clay-derived Y-type zeolite [44],  rice husk ash-derived FAU [45], coal fly ash-derived FAU 

[46], Egyptian boiler ash residue and kaolin-based FAU zeolite [47], magnetic NaY [48]), 

GIS (P-type zeolite [49], fly ash-derived NaP1 [50], NaP1 [23]), LTA (mesoporous LTA 

[51], Lithium leach residue-derived NaA [52]), MOR (mordenite [53], Japanese zeolite that 

mainly contains gypsum, bassanite, calcite and mordenite [54]), BEA (β-zeolite [33,34]), 

HEU (Na-clinoptilolite [55], natural clinoptilolite [56], Romanian zeolitic volcanic tuff-

derive Ca-clinoptilolite [57],  magnetic Na-clinoptilolite [55], magnetic EDI (magnetic 
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nano Linde F (K) [58]), and some magnetic zeolites that their framework types were not 

reported [59,60]. 

Table 4.3 Comparison of Langmuir qm for Pb(II), Cu(II), and Zn(II) among various types 

of zeolites [35] 

Metal ion Zeolitic adsorbent Langmuir qm (mg/g) Reference 

Pb(II) NaX 676.594 [23] 

 P-type zeolite (NASO) 649 [49] 

 Mesoporous LTA 510 [51] 

 NaX 492.1 [24] 

 Lithium leach residue-derived NaA 487.805 [52] 

 Magnetic nanozeolite (Linde F (K) 
zeolite/KAlSiO4·1.5H2O) 

476.1 [58] 

 Fly ash derived NaP1 zeolite 432.572 [50] 

 NaP1 432.572 [23] 

 Illite clay-derived Y-type zeolite 372.16 [44] 

 Rice husk ash derived FAU 342.5 [45] 

 Japanese zeolite 286 [54] 

 Fly ash derived NaP1 zeolite 192 [61] 

 RHAS-BEA 190.0 (0.917 mmol/g) This study 

 Mordenite 151.256 [53] 

 Magnetic RHAS-BEA 139.9 (0.675 mmol/g) This study 

 Magnetic zeolite 123 [59] 

 Coal fly ash-derived FAU 109.89 [46] 

 β-zeolite 91.74 [34] 

 Magnetically modified zeolite 85.62 [55] 

 Na zeolite 66.96 [55] 

 Egyptian boiler ash residue and kaolin-based 
zeolite 

15.96 [47] 

 NaX 14.22 [62] 

 Romanian zeolitic volcanic tuff 0.393 [57] 
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Table 4.3 (Continued) [35] 

Metal ion Zeolitic adsorbent Langmuir qm (mg/g) Reference 

Cu(II) Mesoporous LTA 170 [51] 

 NaX 118.7 [24] 

 P-type zeolite (NASO) 90 [49] 

 Magnetic NaY 87 [48] 

 Magnetic nanozeolite (Linde F (K) 
zeolite/KAlSiO4·1.5H2O) 

59.9 [58] 

 Coal fly ash-derived FAU 57.803 [46] 

 Illite clay-derived Y-type zeolite 53.46 [44] 

 Mordenite 31.773 [53] 

 BEA (Si/Al 6.3) 29.5 [33] 

 RHAS-BEA 21.3 (0.335 mmol/g) This study 

 Magnetic RHAS-BEA 19.7 (0.310 mmol/g) This study 

 BEA (Si/Al 7.9) 14.1 [33] 

 Egyptian boiler ash residue and kaolin-based 
zeolite 

12.247 [47] 

 Clinoptilolite (particle size 20 mm) 2.3518 [56] 

 Clinoptilolite (particle size 50 mm) 1.6745 [56] 

 Romanian zeolitic volcanic tuff 0.129 [57] 
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Table 4.3 (Continued) [35] 

Metal ion Zeolitic adsorbent Langmuir qm (mg/g) Reference 

Zn(II) NaX 639.289 [23] 

 NaP1 144.062 [23] 

 Fly ash derived NaP1 zeolite 114.062 [50] 

 Magnetic NaY 114 [48] 

 NaX 109.8 [24] 

 P-type zeolite (NASO) 88 [49] 

 Coal fly ash-derived FAU 36.765 [46] 

 Fly ash derived NaP1 zeolite 34.2 [61] 

 Coal fly ash-derived magnetic zeolite 30 [60] 

 RHAS-BEA 22.4 (0.342 mmol/g) This study 

 Magnetic RHAS-BEA 20.1 (0.308 mmol/g) This study 

 BEA (Si/Al 6.3) 17.3 [33] 

 Egyptian boiler ash residue and kaolin-based 
zeolite 

12.025 [47] 

 BEA (Si/Al 7.9) 11.1 [33] 

 Clinoptilolite (particle size 20 mm) 1.1541 [56] 

 Clinoptilolite (particle size 50 mm) 0.3928 [56] 

 Romanian zeolitic volcanic tuff 0.094 [57] 

 

4.4.4 Adsorption in mixed-ion system and possible adsorption mechanism 

The adsorption isotherm studies reveal that Pb(II) was better adsorbed on RHAS-

BEA and magnetic RHAS-BEA than Cu(II) and Zn(II) in the single system. Then, a mixed 

ion adsorption test was carried out to investigate the effect of competitive adsorption at 

initial concentrations of ≈ 0.3 mmol/L, where the qe value for Pb(II) did not much differ 

from the others (second data point of each heavy metal in Figure 4.6). The results shown in 

Figure 4.8 indicate that the adsorption amounts of all heavy metals were obviously lower 

than those in the single system, indicating a competitive adsorption among them. Pb(II) still 

showed the highest adsorption amount whereas Cu(II) was adsorbed slightly more than 



  Page | 130 
 

Zn(II) in the mixed system, indicating that adsorption of Pb(II) is more preferable on 

RHAS-BEA or magnetic RHAS-BEA over Cu(II) and Zn(II). 

 

Figure 4.8 Adsorption amount of Pb(II), Cu(II), and Zn(II) on RHAS-BEA and magnetic 

RHAS-BEA in single and mixed systems [35]. 

 

Table 4.4 Hydrated ionic diameters, hydration energy, and Pauling electronegativity of the 

studied heavy metals 

Metal ion Hydrated ionic 

diameter (nm) [24] 

Hydration energy 

(kJ/mol) [63] 

Pauling 

electronegativity [24] 

Pb(II)  0.802 −1481 2.33 

Cu(II) 0.838 −2100 1.9 

Zn(II) 0.860 −2024 1.65 

 

The hydrated ionic diameters of Pb(II), Cu(II), and Zn(II), shown in Table 4.4, are 

slightly bigger than the pore size of BEA, i.e., 0.76 × 0.64 nm. To enter the zeolite pore, the 

hydrated metal ions should have lost their water molecules to some extent. Exothermic 

hydration free energy of Pb(II) is much lower than that of Cu(II) and Zn(II). Therefore, 

hydration shell of Pb(II) ions is softer which should have stripped easier than that of Cu(II) 

and Zn(II) [64]. This means that hydrated ionic size of Pb(II) became sufficiently smaller 

to diffuse through the zeolite pore easily. The hydration energy of Zn(II) is slightly lower 
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than that of Cu(II), that means adsorbed amount of Zn(II) should have been little higher 

than that of Cu(II) in the mixed system. However, the experiments show the opposite result. 

This could be explained by the greater affinity between cationic charge center of hydrated 

Cu(II) and negatively charged adsorption site of zeolite due to the higher Pauling 

electronegativity of Cu(II) than that of Zn(II). Moreover, the greatest Pauling 

electronegativity of Pb(II) also supports this anticipation as it shows the highest adsorbed 

amount among them. In previous literatures, higher adsorption selectivity to Pb(II) over 

Cu(II) or Zn(II), and other divalent metal ions was also found in similar order for other 

zeolites including MOR [65], HEU [65], GIS [49,61], EDI [58], LTA [52], and FAU [24,44]. 

The interaction between metal ions and adsorbent surface was investigated using XPS. 

Figure 4.9, presents the survey scan that shows the detected binding energy (BE) of the 

main elemental composition of the pristine BEA and BEA/Fe3O4 composite such as Si2s, 

Si2p, Al2s, O1s, Na1s, and Fe2p. After adsorption, the peak of Na1s, that appeared at 1073 

eV before adsorption, disappeared while that of Pb4f, Cu2p, and Zn2p were obviously 

found on the surface. This significantly reveals the evidence of the ion change between Na 

ions and those three metal ions that is predominant on the surface in the single and mixed 

ion systems. 
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Figure 4.9 XPS Survey scan spectra of the pristine and Pb(II), Cu(II), and Zn(II) adsorbed RHAS-

BEA and magnetic RHAS-BEA in single and mixed systems [35]. 

Higher resolution-XPS spectra (Figure 4.10) of the samples obtained from mixed ion 

system adsorption show two photoelectron peaks of Pb4f (i.e., Pb4f7/2 and Pb4f5/2 with BE 

values of ≈139 and 144 eV, respectively), two peaks of Cu2p (i.e., Cu2p3/2 and Cu2p1/2 with 

BE values of ≈932 and 953 eV, respectively), and one peak of Zn2p3/2 with BE value of 

≈1022 eV. These BE values indicate the evidence of +2 oxidation state of Pb [66], Cu [67], 

and Zn [68] adsorbed on the surface of RHAS-BEA and magnetic RHAS-BEA. According 

to the Si/Al ratios, the calculated available negatively charged Al amount of RHAS-BEA 

and magnetic RHAS-BEA were 0.68±0.01 and 0.65±0.01 mmol/g, respectively, which are 

theoretically equivalent to the adsorption capacity of ≈ 0.3 mmol/g for each divalent cation 

through ion exchange. The estimated value well matches with the Langmuir qm values for 

Cu(II) and Zn(II) (Table 4.3). This suggested that the calculated ion exchange sites could 

have fully occupied by Cu(II) or Zn(II) ions through ion exchange, which accounts for the 

main adsorption mechanism for Cu(II) and Zn(II). However, the estimated Langmuir qm 

values for Pb(II) was much lower than actual qe value. In case of Pb(II), two main cationic 
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species, i.e, Pb2+ and PbOH+ that probably exist at approximately 60 and 40% (pH ≈ 6), 

respectively [69], in the solution might involve in the ion exchange. Because the valance of 

PbOH+ is reduced from +2 to +1, the adsorption amount can be doubled. However, even 

when we take into account the existence of this cation, it only contributes to ca. 50–60% of 

the actual qe value of Pb(II), indicating that an additional different mechanisms to ion 

exchange is taking place. The found photoelectron peaks of Pb4f (≈ 139 and 144 eV) were 

also assigned to Pb(OH)2 [23], implying that Pb(II) precipitated on the surface at certain 

amount. Moreover, BE values of Si2p and O1s shifted to the same direction after adsorption 

(Figure 4.11), indicating the interaction between metal ions and Si and O containing groups, 

probably, through surface complexation of the metal ions with silanol groups (–Si–OH) on 

zeolite [70]. Adsorption capacities of Pb(II) on RHAS-BEA and magnetic RHAS-BEA in 

this study were greater than that of Cu(II) and Zn(II) possibly owing to the effect of ionic 

species and precipitation. 

 

Figure 4.10 Higher resolution-XPS spectra of RHAS-BEA and magnetic RHAS-BEA 

obtained after mixed ion system adsorption of Pb(II), Cu(II), and Zn(II) [35]. 
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Figure 4.11 The Si2p and O1s XPS spectra of RHAS-BEA and magnetic RHAS-BEA obtained after 

mixed ion system adsorption of Pb(II), Cu(II), and Zn(II) [35]. 

4.5 Reusability and stability of the adsorbents 

Ion exchange is believed to mainly occur during the adsorption; therefore, reusability 

of the adsorbents was studied by regenerating the used adsorbents using Na ion-containing 

solution. The used adsorbents were collected, dried (60 °C, 24 h), and subsequent washed 

using 5 mol/L NaNO3 solution. After 48-h washing, the adsorbents were collected and 

washed with distilled water before drying at 60 °C for 24 h before reuse. Na ion solutions 

were commonly used in removal of exchanged cation from ion exchanger [33,45,49]. The 

reusability study was conducted in mixed ion system, containing 0.3 mmol/L of each heavy 

metal. Removal efficiency percentage calculated by 

Removal efficiency = 
(C0 - Ce) × 100

C0
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where C0 and Ce are the concentration of the heavy metal (mmol/L) before and after 

adsorption, respectively. Figure 4.12 shows the heavy metal removal efficiency in % of 

RHAS-BEA and magnetic RHAS-BEA in mixed ion system that were regenerated and 

reused for three cycles. The used RHAS-BEA and magnetic RHAS-BEA performance was 

found to significantly decrease after the first cycle; however, it still exhibited heavy metal 

removal efficiency to some extent for, at least, other three cycles. 

 

Figure 4.12 Pb(II), Cu(II), and Zn(II) removal efficiencies of RHAS-BEA and magnetic 

RHAS-BEA after 3-time reuses in mixed ion system [35]. 

Stability of the adsorbents was evaluated by analyzing Si, Al, and Fe leached to the 

solutions that were collected after some adsorption tests, using ICP-AES. Leaching of Si 

from the RHAS-BEA and magnetic RHAS-BEA was found after the first mixed ion system 

adsorption test by 0.7 and 0.4 wt% of the adsorbent mass, respectively, and slightly 

decreased in the following cycles. Detectable leaching of Al was found by 0.03 wt% of the 

adsorbent mass only after the first use of the RHAS-BEA sample before it became non-

detectable in the following cycles. Leaching of Al was also found below the detection limit 

of ICP-AES after each adsorption cycle of the magnetic RHAS-BEA. However, the Si 

leaching was investigated more by measuring Si concentration in the final solutions 

collected after single ion adsorption (C0 = 0.75 mmol/L). Concentration of Si found in the 

final Pb(II), Cu(II), and Zn (II) solution was 19.4, 6.3, and 7.2 mg/L, respectively for 

RHAS-BEA, and 9.5, 3.9, and 4.3 mg/L, respectively for magnetic RHAS-BEA. As seen 

that Si amount was found at higher concentration in the final Pb(II) solutions, while that for 
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Cu(II) and Zn(II) were at similar level. The measurement was additionally carried out in 

some of the final solutions obtained from the isotherm studies of Pb(II) and Zn(II) as the 

representatives. As shown in Figure 4.12, the increase and saturation trend of Si leached 

amount tended to be similar to that of the q values for both Pb(II) and Zn(II). Adsorption 

amount of Pb(II) was higher than that of Zn(II) and the Si leached amount was found in the 

same trend. From the results, leached amount of Si was likely to be consistent with the 

amount of metal ion adsorbed. Peric et al. [71] also reported the detected amount of Si 

during Pb(II), Cu(II), and Zn(II) adsorption on natural clinoptilolite which showed a similar 

trend to our finding. The leaching of Si corresponded to broken negatively charged Si–O–

Al bonds due to their amphoteric property where cationic metal ion attached [71]. The 

dissolution was pronounced when Pb(II) was adsorbed in that Pb(II) has high Pauling ionic 

electronegativity (2.33) compared to Si (1.90) and Al (1.61) which destabilized Si–O–Al 

bonds by strongly pulling the electron of negatively charged O [24]. The leaching of Si 

from the adsorbents might have affected to the surface homogeneity and variation of Si/Al 

ratio to some extent, which might have caused the fluctuation in heavy metal removal 

efficiency of the reused adsorbents. For BEA/Fe3O4 composite sample, Fe was not 

detectable in the adsorption solution after each cycle. 
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Figure 4.12 Leached amount of Si from the adsorbents and the qe values of Pb(II) and 

Zn(II) [35]. 

Additionally, BE values of the two photoelectron peaks of Fe2p did not change after 

adsorption, revealing no interaction with the metal ions occurred. This implies that the 

magnetic particle was protected inside the BEA particles, preserving the magnetic 

properties of the adsorbent. Difference in the morphology at microscopic view of the 

adsorbents after first and fourth adsorption from the pristine ones, reobserved using FE-

SEM, was hardly seen (Figure 4.13). The leaching amounts of Si and Al from the adsorbents 

were considered almost negligible which can be compensated by their reusability and the 

stable magnetic content. 
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Figure 4.13 FE-SEM images of RHAS-BEA and magnetic RHAS-BEA observed before 

and after adsorption [35]. 

4.6 Conclusion 

This work investigated the adsorption performance of magnetic RHAS-BEA that was 

synthesized using RHA-SiO2 and DGC method for removal of heavy metals from water. 

The adsorption studies reveal moderate adsorption capacities compared to other reported 

zeolites for adsorption of three representative toxic heavy metals, i.e., Pb(II), Cu(II), Zn(II), 

that were mostly found in agrochemicals. The composite showed reusability to some extent 

with negligible changes in surface morphologies. This work may contribute to the 

sustainable utilization of magnetic zeolitic adsorbent that was synthesized using agricultural 

waste-derived materials and an environmentally friendly method in removal of cationic 

pollutants from agricultural wastewater.  
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CHAPTER 5 

Conclusion 

This dissertation demonstrated the sustainable circulation of materials in agricultural 

activities. Agricultural waste-derived materials, RHAS, was utilized as a low-cost and 

alternative source of SiO2 in DGC method for developing a sustainable and environmentally 

friendly synthesis method of magnetic BEA zeolite composite. Performance of the 

composite for removing diverse pollutants from water that are potentially released from 

utilization of agrochemicals, i.e., antibiotics, herbicides, and heavy metals, during 

agricultural activities were studied. The following findings were obtained. 

(i) Dry-gel conversion synthesis of magnetic BEA zeolite: optimization of synthesis 

conditions and assessment of antibiotic adsorption. The optimal DGC conditions, 

i.e., H2O/gel ratio, crystallization temperature and time, were studied for preparation 

of magnetic BEA zeolite. Effect of template removal temperature on the magnetic 

properties of the composite were also investigated. By using the optimal conditions, 

magnetic BEA zeolite was obtained without the adverse effect from the incorporation 

of magnetic particles. The magnetic zeolite composite prepared by DGC method was 

tested for removal of antibiotics, i.e., sulfadiazine, from water, which potentially shows 

high feasibility for removal of antibiotics from agricultural wastewater. 

(ii) Using rice husk ash–SiO2 in dry-gel conversion synthesis of magnetic BEA zeolite: 

assessment of herbicide removal. The studied optimal DGC conditions were applied 

in this work for direct utilization of solid-state RHAS in the synthesis of magnetic 

RHAS-BEA. With the assistance of ultrasonic waves in the preparation of gel precursor, 

magnetic RHAS-BEA was successfully obtained. The inclusion of magnetic particles 

(Fe3O4) did not significantly change that surface morphology of the zeolite. The 

method shows sustainability and environmentally friendliness in the preparation of 

magnetically collectable and reusable magnetic BEA zeolite for removal of cationic 

herbicides, i.e., paraquat, from water. 
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(iii) Removal of heavy metals from water using magnetic BEA zeolite prepared using 

rice husk ash-SiO2 via DGC method. This work evaluated the adsorption 

performance of the synthesized magnetic RHAS-BEA for removal of heavy metals 

from water, i.e., Pb(II), Cu(II), and Zn(II). The magnetic composite shows moderate 

adsorption capacities of the representative heavy metals with potential numbers of 

reuse and stability after several adsorption cycles. This work emphasizes the 

sustainability of using magnetic RHAS-BEA in the remediation of wastewater affected 

from the use of heavy metal-contained agrochemicals. 

In conclusion, agricultural waste-derived materials can be directly used in DGC route 

for developing a sustainable and environmentally friendly synthesis method of magnetic 

zeolite composite. The synthesized magnetic zeolite composite showed good adsorption 

ability, magnetic separability, and reusability in minimizing diverse agrochemical 

contamination in water, i.e., antibiotics, herbicides, and heavy metals. This work shall pave 

the way for realizing sustainable material circulation in agriculture which can be hopefully 

implemented, not only in Laos or Japan but in entire global communities, in practical 

minimization of water pollution. 
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