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I 

เฉลิมพนัธ์  เขียวค ำอำ้ย : กำรเตรียมวสัดุพรุนท่ีปรับเพิ่มควำมจุกำรดูดซบัในสำรละลำย 
(PREPARATION OF POROUS MATERIALS WITH IMPROVED ADSORPTION 
CAPACITY IN AQUEOUS MEDIA). อำจำรยท่ี์ปรึกษำ : ศำสตรำจำรย ์ดร.จตุพร วทิยำคุณ,  
132 หนำ้. 

 
 วิทยำนิพนธ์น้ีท ำกำรดูดซับพำรำควอตในน ้ ำโดยใชเ้คลยเ์ป็นตวัดูดซบั ไดแ้ก่ มอนท์โมริล
โลไนทเ์คลย ์(Mt) ออร์กำโนเคลยท่ี์ปรับเปล่ียนผวิหนำ้เคลยโ์ดยใชเ้ตตระเดซิลแอมโมเนียมคลอไรด ์ 
(TDA-Mt) มีโซพอรัสเคลย์ (mesoporous Mt) ท่ีปรับเปล่ียนให้มี รูพรุนโดยวิธีท ำให้ เกิดเป็น
โครงสร้ำงไมเซลล์บริเวณระหว่ำงชั้นของเคลย ์แลว้ท ำกำรก ำจดัสำรสร้ำงไมเซลล์ออก ยิ่งไปกว่ำ
นั้น ยงัเติมไทเทเนียมเพื่อเพิ่มปริมำณต ำแหน่งของกำรดูดซบั (mesoporous Ti-Mt) ไอโซเทอมของ
กำรดูดซับพำรำควอตบนตวัดูดซับเคลย ์ออร์กำโนเคลย ์และมีโซพอรัสเคลย ์เป็นไปตำมรูปแบบ
กำรดูดซับของแลงเมียร์ โดยมีปริมำณกำรดูดซับพำรำควอต ตำมล ำดับ ต่อไปน้ี TDA-Mt (52 
มิลลิกรัมต่อกรัม )  Mt (38 มิลลิกรัมต่อกรัม ) mesoporous Ti-Mt (25 มิลลิกรัมต่อกรัม ) และ 
mesoporous Mt (25 มิลลิกรัมต่อกรัม) นอกจำกน้ี กำรเติมไทเทเนียมยงัเพิ่มปริมำณกำรดูดซับ  
พำรำควอตได ้
 เพื่อท่ีจะปรับปรุงปริมำณกำรดูดซบัให้สูงข้ึน ไดมี้กำรสังเครำะห์ซีโอไลตฟ์ูจำไซต์ชนิดวำย
ในรูปโซเดียมไอออน ท่ีมีขนำดรูพรุนในระดบัไมโครเมตร (FAU) ให้มีอตัรำส่วนระหวำ่งซิลิคอน
ต่ออะลูมิเนียม (Si/Al) ท่ีแตกต่ำงกนัเพื่อใชเ้ป็นตวัดูดซบั FAU ท่ีสังเครำะห์โดยวธีิไฮโดรเทอร์มอล 
มี Si/Al อยู่ระหว่ำง 2.1 ถึง 2.4 และมีขนำดของอนุภำคอยู่ระหว่ำง 100 ถึง 300 นำโนเมตร ผลของ
กำรดูดซบัพบวำ่ เป็นไปตำมรูปแบบกำรดูดซบัของแลงเมียร์ ซ่ึงมีปริมำณกำรดูดซบัอยูใ่นช่วง 210 
ถึง 240 มิลลิกรัมต่อกรัมของตวัดูดซับ ซ่ึง FAU ท่ีมีอตัรำส่วนของซิลิคอนต่ออะลูมิเนียม 2.4 มีค่ำ
กำรดูดซบัสูงท่ีสุด  
 อำจเป็นไปไดว้ำ่ ปริมำณกำรดูดซบัพำรำควอตจะเพิ่มสูงข้ึนได ้ถำ้ใชต้วัดูดซบั FAU กำรท่ีมี
ขนำดอนุภำคในระดับนำโนเมตร ดังนั้น จึงท ำกำรสังเครำะห์ FAU ท่ีมีขนำดนำโนเมตร (FAU 
nanozeolite)โดยวิธีไฮโดรเทอร์มอล โดยใชแ้หล่งของอลูมิเนียมท่ีแตกต่ำงกนั ไดแ้ก่ ผงอะลูมิเนียม 
และโซเดียมอะลูมิเนต (NaAlO2) นอกจำกน้ีมีกำรใช้น ้ ำท่ีมีปริมำตรท่ีแตกต่ำงกันด้วย จำกกำร
สังเครำะห์ FAU nanozeolite พบวำ่ FAU ท่ีใช ้NaAlO2 มีผลึกขนำดเล็กกวำ่ FAU ท่ีใชผ้งอะลูมิเนียม 
ยิง่ไปกวำ่นั้น กำรสังเครำะห์ FAU nanozeolite ท่ีใชน้ ้ ำในปริมำตรท่ีนอ้ยท ำให้ไดผ้ลึกท่ีมีขนำดเล็ก
กว่ำกำรสังเครำะห์ท่ีใช้น ้ ำในปริมำตรท่ีมำก ปริมำตรของน ้ ำในกำรสังเครำะห์ FAU nanozeolite 
เพิ่ ม ข้ึน เป็นล ำดับ  ดังต่อไป น้ี  Y1-180 > Y1-140 > Y1-140 > Y1-92 รูปภำพ ท่ีได้จำกกล้อง
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PARAQUAT ADSORPTION/ CLAY/ FAUJASITE ZEOLITE/ NANOZEOLITE/ 

VANADIUM  

 
 In this thesis, adsorption of paraquat in water is performed by using clay based 

adsorbents including montmorillonite (Mt), organoclay (TDA-Mt) from intercalation 

of Mt with tetradecylammonium chloride, mesoporous Mt from intragallery 

templating method (with and without Ti addition). Paraquat adsorption isotherms of 

clay based adsorbent follow Langmuir model and the adsorption capacity is as 

follows: TDA-Mt (52 mg/g) > Mt (38 mg/g) > mesoporous Ti-Mt (25 mg/g) > 

mesoporous Mt (18 mg/g). The presence of Ti enhances the adsorption capacity.  

 In order to improve adsorption capacity, microporous zeolite faujasite Y in 

sodium form (FAU) with various Si/Al ratios are used as adsorbents. The synthesis of 

FAU with different Si/Al ratios (2.1 to 2.4) and particle sizes (100-300 nm) is 

performed using hydrothermal method. The adsorption process obeys the Langmuir 

model. The capacity of the adsorbents is in the range 210-240 mg/g-adsorbent. The 

FAU samples with the highest Si/Al ratio (2.4) have the highest adsorption capacity.  

  It is possible that nanosized FAU has higher adsorption capacity of paraquat 

than microsized FAU. Thus, FAU is synthesized by using hydrothermal method with 

different aluminium sources (aluminium powder and sodium aluminate) and water 
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CHAPTER I 

INTRODUCTION 
 

1.1 Introduction  

This thesis is divided into 4 main parts. The first two parts are about 

adsorption of paraquat on clay, adsorbents derived from clay and zeolite FAU Y. 

Paraquat is used widely in large areas in Nakhon Ratchsima, Thailand, to control 

weeds. However, it can accumulate in the environment and contaminate water 

reservoirs. Adsorption is a method to remove paraquat in aqueous solution. The first 

part (Chapter III), Montmorilonite clay (Mt) is modified to an organoclay and 

mesoporous materials to increase the paraquat adsorption capacity. The second part 

(Chapter IV) is the synthesis of microporous FAU Y with various Si/Al ratios to 

improve the adsorption capacity.  

Faujasite (FAU) zeolite is one of the most promising materials because of its 

well-defined channels making a large supercage (11.0 × 13.0 Å) with a large pore size 

(7.4 × 7.4 Å), large surface area, and excellent thermal stability. FAU zeolite can be 

used in a several applications such as ion exchange, adsorption, catalysis and 

membrane separation (Mintova and Valtchev 1999; Nakrani et al., 2016; Dang et al., 

2017).  

Small crystalline size could improve the textural properties of zeolites 

including pore volume, external surface area and surface reactivity (Awala et al., 

2015; Nakrani et al., 2017). Therefore, the third part (Chapter V) is an optimization of 

a synthesis of nanocrystalline FAU Y. In the final part (Chapter VI), vanadium 
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incorporated FAU nanozeolite is synthesized by a one-pot hydrothermal method in 

order to increase the performance and catalytic ability of FAU nanozeolite.  

Recently, the syntheses of nanocrystalline zeolites are achieved. 

Nanocrystalline zeolites are materials with dimension less than 100 nm with special 

properties, such as large accessible surface area and activities and shorter diffusion 

pathways than micrometer-sized zeolite (Valtchev et al., 2004; Azizi et al., 2014; 

Mintova et al, 2016). Nanosized crystals of FAU type zeolite without organic 

templates are successfully synthesized by using hydrothermal method at low 

temperature (50°C) for 45 h (Awala et al., 2015). Small crystallites (10-15 nm) with a 

narrow particle size distribution, micropore volumes (0.30 cm3 g−1) and high 

crystalline yields (above 80%) are obtained. Therefore, nanosized crystallines and 

high micropore volumes could improve the adsorption capacity of paraquat. 

Vanadium incorporated zeolites have been used as selective oxidation 

catalysts. The activity and selectivity of vanadium containing zeolite are sensitive to 

the nature of vanadium species in the zeolites including oxidation state, coordination, 

dispersion (Roozeboom et al., 1980; Went et al., 1990; Das et al., 1993; Whittington 

and Anderson, 1993; Chao et al., 1997; Teixeira-Neto et al., 2009). There are many 

methods for the incorporation vanadium into zeolites, i.e. impregnation, 

encapsulation, ion exchange, one-pot hydrothermal method (Huang et al., 1990; Kim 

et al., 1997; Dzwigaj et al., 1998; Kozlov et al., 1998; Kozlov et al., 1999; Hagiwara 

et al., 2003; Maurya et al., 2011; Pal et al., 2014; El-Roz et al., 2017; and Silva et al., 

2017). Vanadium incorporated zeolites prepared by one-pot synthesis are still the best 

fulfill the compromise between vanadium concentration and metal dispersion 

(Teixeira-Neto et al., 2009). Many techniques, including 51V nuclear magnetic 
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resonance (NMR), X ray photoelectron spectroscopy (XPS), electron paramagnetic 

resonance (EPR) and diffuse reflectance UV-visible spectroscopy (DR-UV-Vis) are 

used to identify the coordination vanadium sites in the zeolite structure (Centi et al., 

1992). 

 

1.2 Research objectives 

The aims of this research are as follows: 

1.2.1 To prepare and characterize adsorbents for paraquat removal, including 

NaY, organoclay and mesoporous clay. 

 1.2.2 To investigate paraquat adsorption on NaY with various Si/Al ratios, 

montmorillonite, organoclay and pillar clay. 

1.2.3 To optimize the synthesis of FAU nanozeolites.  

  1.2.4 To explore the incorporation of vanadium into FAU nanozeolites. 

 

1.3 Scope and limitation of the study 

 1.3.1 Montmorillonite clay is modified by two methods: organolcay and 

mesoporous clay with and without addition of titanium by methods from literature 

(Keawkumay et al., 2012; Mao et al., 2015).  

1.3.2 Microporous NaY with various Si/Al ratios are synthesized from rice 

husk silica by a method from the literature (Wittayakun et al., 2008).  

1.3.3 FAU nanozeolites are synthesized by adapting hydrothermal method 

from Awala et al., 2015. The synthesis of FAU Y nanozeolites is performed by using 

different aluminium sources and water contents. 
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1.3.4 Vanadium incorporated FAU nanozeolites are synthesized by using one-

pot hydrothermal method adapting from Awala et al., 2015. The synthesis of FAU Y 

nanozeolites is done by using different of water contents. The existence of vanadium 

in FAU nanozeolite is also determined. 
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CHAPTER II 

LITERATURE REVIEW 
 

2.1 Adsorption of paraquat 

Nakhon Ratchasima, Thailand is one of the largest producers of agricultural 

products, such as corn, cassava and sugarcane. The major problems are weed and 

grass. Therefore, herbicides are used in a large amount to solve those problems. The 

widely used herbicide is 1,1'-dimethyl-4,4'-bipyridinium dichloride, also known as 

paraquat, due to its low cost and effective performance. The structure of paraquat is 

shown in Figure 2.1.  

 

 

 

 

 

Figure 2.1 Chemical structure of paraquat. 

 

Paraquat is toxic to human and animals when exposed via ingestion, skin 

contact, or splash to eyes (Suntres, 2002). Paraquat causes gastrointestinal irritation, 

abdominal pain, nausea, vomiting and diarrhea when contacted by ingestion. It also 

causes skin burns and dermatitis from a direct contacts to skin. If splashed to eyes, it 

causes irritation, burns, corneal damage and scarring of the eyes. High accumulation 

of paraquat can cause injury to lungs as well as other organs. However, the main 
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damage occurs in the lungs where paraquat can transform the available oxygen into 

free radicals, culminating in respiratory failure and death (WHO, 1984; Leite et al., 

2013). In the environment, paraquat binds to suspended or precipitated sediment, 

resulting in persistence in the aquatic environment. The excessive use of paraquat can 

lead to water pollution. For this reason, removal of paraquat by natural adsorbents is 

studied in this work.  

Paraquat contamination in water can be removed by adsorption with natural 

adsorbents such as clay minerals (Mithyantha et al., 1975; Rytwo et al., 2002; Seki 

and Yurdakoç, 2005; Tsai and Lai, 2006; Brigante et al., 2010 and Iglesias et al., 

2010), rice husk (Hsu et al., 2009; Rongchapo et al., 2013), and mesoporous silica 

(Brigante and Schulz, 2011). Rongchapo et al. (2013) compared paraquat adsorption 

on RHS, MCM-41, NaBEA and NaY. The adsorption capacity depended on the Si/Al 

ratio and NaY gave the highest capacity. They further studied the adsorption on Al-

MCM-41 with various Al ratios and NaX, which had similar structure to NaY but 

higher Al content (Rongchapo et al., 2015). The adsorption capacity of Al-MCM-41 

was higher than that of MCM-41. NaX had lower capacity than NaY. This was 

because interaction of Na+ cation in NaX was stronger than that in NaY, making it 

less exchangeable with paraquat (Rongchapo et al., 2017). However, too much Al was 

not favorable for the paraquat adsorption. Therefore, NaY with various Si/Al ratios is 

further investigated for the adsorption of paraquat in this work. Paraquat adsorption 

capacity was improved by NaY/SBA-15 composite. The interaction of C and N atoms 

in paraquat molecules with oxygen atom on NaY/SBA-15 was observed (Osakoo et 

al., 2017).  
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The adsorption of paraquat varies largely with the nature of the adsorbent. 

Paraquat adsorbs strongly on clay minerals and somewhat less on activated carbon 

and humic substances due to its highly polar nature of expanding lattice clay, like 

montmorillonite (Brigante et al., 2010). Mithyantha et al. (1975) studied the 

adsorption paraquat using bentonite and montmorillonite. The maximum adsorption 

capacity of bentonite and montmorillonte were 15.2 and 25.2 mg/g, respectively. The 

adsorption of paraquat obeys the Freundlich isotherm. Draoui et al. (1999) studied the 

adsorption of paraquat on kaolinite, illite and montmorillonite. The adsorption 

isotherm and the thermodynamic parameters were determined. All clays showed H-

type isotherm of Giles classification corresponding to a high-affinity adsorption. The 

adsorption enthalpies varied between -20 and -50 kJ/mol. The adsorption of the 

paraquat molecule on kaolinite, illite and montmorillonite is governed by electrostatic 

interactions. Ait Sidhoum et al. (2013) studied the adsorption of paraquat on the 

Algerian bentonite by using batch experiments in an aqueous solution. The effect of 

calcination temperature on the adsorption capacity was evaluated. The adsorption 

isotherm was also investigated. The adsorption data was fitted to the Langmuir 

isotherm model in order to calculate the maximum adsorption capacities. The 

adsorption capacity of the calcined samples greatly decreased with heat treatment. 

The maximum adsorption capacity of bentonite and calcined bentonite were 111 and 

100 mg/g, respectively. The analysis of FTIR spectrum of paraquat-adsorbent 

complex confirmed that the proposed adsorption mechanism might be mainly 

controlled by cation exchange. Seki and Yurdakoç (2005) used clay minerals 

including sepiolite, bentonite and illite to prepare organoclays by modification with 

nonylammonium chloride (9 carbon atoms) and dodecylammonium chloride (12 
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carbon atoms). The organoclays were used as adsorbents for paraquat and the illite 

modified with nonylammonium chloride had the highest maximum adsorption 

capacity (57 mg/g) compared to unmodified illite (54 mg/g) (as shown in Table 2.1). 

The adsorption capacities of paraquat on dodecylammonium modified illite (24 mg/g) 

decreased because of low surface area dodecylammonium modified clays. Gu et al. 

(2015) reported that Na-Mt modified with zwitterionic surfactant (3-(N,N-

dimethylhexadecylammonio) propanesulfonate, DHAPS) improve the adsorption 

capacity because their anionic group on one side interacted strongly with paraquat 

dication. In contrast, the lower capacity was obtained from CTAB-Mt. This was 

because there was just partition adsorption between the long carbon chain of CTAB 

and herbicides due to the similar intermiscibility of the modifier and adsorbate. 

Guégan et al. (2015) studied the adsorption of paraquat using Mt modified with 

benzyl decyltrimethyl ammonium (BDTA) cationic surfactant and the triethylene 

glycol mono n-decyl ether (C10E3) nonionic surfactant. BDTA-Mt as a cationic 

organoclay was ineffective for the adsorption of paraquat while C10E3-Mt nonionic 

organoclay can adsorb paraquat. 

Ibrahim and Jbara (2009) reported that the adsorption of paraquat on a natural 

zeolitic material such as phillipsite-faujasite stuff was strongly enhanced when the 

adsorbent was thermally activated and/or modified with monovalent cations such as 

K+ and Na+. Cation exchange was reported to play a key role on the adsorption 

process. Shieh et al. (2013) showed that the adsorption of paraquat on amino acid-

functionalized SBA-15 strongly depends on the time and pH of the solution, but not 

on the temperature. The adsorption mechanism was related to π-π stacking 

interactions between the adsorbent and the adsorbate. Brigante and Avena (2014) 
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studied the adsorption of paraquat on mesoporous silica with a MCM-41 type 

structure. The adsorption was fast and strongly dependent on pH, increasing as pH 

decreases. The adsorption mechanism of was related to electrostatic attractions and 

outer sphere complexes (or ionic pairs) formations between the functional groups of 

the pesticide and the silica active sites, as deduced from adsorption experiments 

performed at different ionic strengths and temperatures. The maximum adsorption 

capacity was 107 mg/g. Rongchapo et al. (2013) compared paraquat adsorption on 

RHS, MCM-41, NaBEA and NaY.  The adsorption capacity depended on the Si/Al 

ratio and NaY gave the highest capacity. The adsorption mechanism was proposed to 

be cation exchange. They further studied the adsorption on Al-MCM-41 with various 

Al ratios and NaX, which had similar structure to NaY but higher Al content. The 

adsorption capacity of Al-MCM-41 was higher than that of MCM-41. However, NaX 

had lower capacity than NaY, suggesting that too much Al was not favorable for the 

paraquat adsorption (Rongchapo et al., 2015).  
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Table 2.1 Maximum adsorption capacities of clay, organoclay and zeolites. 

Adsorbent qmax (mg/g) Reference 

Bentonite 42.4 Seki and Yurdakoç, 2005 

Organoclays 9.8-57.3 Seki and Yurdakoç, 2005 

Phillipsite–faujasite 7.0 Ibrahim and Jbara, 2005 

Modified zeolite Y 69.4 Zhang et al., 2006 

SBA-15 SiO2 55.0 Shieh et al., 2013 

Rice husk silica 18.9 Rongchapo et al., 2013 

MCM-41 21.3 Rongchapo et al., 2013 

NaY 185.2 Rongchapo et al., 2013 

NaBEA 122.0 Rongchapo et al., 2013 

NaX 120.0 Rongchapo et al., 2015 

Al-MCM-41 52.0 Rongchapo et al., 2015 

MCM-41 SiO2 107.0 Brigante and Avena, 2014 

Na-Mt 134 Guégan et al., 2015 

BDTA-Mt - Guégan et al., 2015 

C10E3-Mt 39 Guégan et al., 2015 

Na-Mt Low Gu et al., 2015 

CTAB-Mt 6.4-6.9 Gu et al., 2015 

DHAPS-Mt 70.8-75.5 Gu et al., 2015 

SDS-Mt 85.2-90.9 Gu et al., 2015 
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2.2 Background of adsorbents 

In this work, the adsorbents for paraquat are zeolite NaY with various Si/Al 

ratio, montmorillonite clay (MMT), organoclay and pillar clay from MMT 

modification. Backgrounds of those materials are provided in this part. 

 2.2.1 Zeolite 

Zeolites are microporous aluminosilicate materials. Structures of 

zeolites are crystalline polymers based on arrangement of [SiO4] or [AlO4
-] 

tetrahedral linked to each other by sharing oxygen atoms to form a framework of 

cavities and channels. Framework oxygens connecting tetrahedral Si and Al atoms 

attach with hydroxyl groups and cations. Amount of cationic sites is parallel to the 

amount of aluminum atoms (Guisnet and Gilson, 2002). Those cations can be ion-

exchanged with paraquat. 

Zeolite Linde type Y in sodium form (NaY) belongs to the faujasite 

(FAU) family with a framework containing double 6 rings linked through sodalite 

cages generating supercages with average pore diameter of 7.4 Å (Figure 1.2). NaY 

are commonly applied as catalysts and adsorbents for the removal of volatile organic 

compounds (Baba et al., 2002; Su et al., 2010), adsorption of paraquat (Rongchapo et 

al., 2013) and fluid cracking catalysts (Cundy and Cox, 2005). Several methods to 

prepare NaY from rice husk are reported (Wittayakun et al., 2008; Tan et al., 2011; 

Saceda et al., 2011; Mohamed et al., 2015). In general, NaY can be synthesized in two 

steps to avoid the formation of other phases, especially zeolite NaP (Petkowicz et al., 

2008; Wittayakun et al., 2008). 
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Figure 2.2 Structure of zeolite NaY (Baerlocher and McCusker, Database of Zeolite    

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

 

2.2.2 Clay (Montmorillonite; Mt) 

 Clay minerals are hydrous aluminum silicates and are generally 

classified as layered silicates. The layered silicates of clay are generated by a 

combination of silicon tetrahedral sheet and aluminium octahedral sheets. Such 

minerals include both natural clays and synthetic clays (Tjong, 2006; Zeng et al., 

2005).  

 The commonly used layered silicates belong to the smectite family 

with the structure consisting of aluminium octahedral sheet sandwiched in between 

two silicon tetrahedral sheets as called 2:1 layered silicates (Zeng et al., 2005). The 

most commonly used 2:1 layered silicates is montmorillonite (Mt). As shown in 

Figure 2.2, Mt consists of layers made up of two tetrahedrally coordinated silicon 

atoms fused to an edge-shared octahedral sheet of either aluminum or magnesium 
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hydroxide. The layer thickness is around 1 nm and the lateral dimensions of these 

layers may vary from 30 nm to several microns or larger, depending on types of 

layered silicate (Alexandre and Dubois, 2000). Mt clays are the main components of 

soils and possess a negative charge that is compensated for by exchangeable cations, 

on their surfaces, such as Na+ and Ca2+ (Seki and Yurdakoç, 2005). The cation 

exchange capacity (CEC) and the nature of the compensating cations are important in 

the interactions of organic compounds with the solid surfaces of clays. Therefore, 

surface modification of the clay is the main parameter to remove the organic 

pollutants. Such modified clays are commonly called organoclays. 

 2.2.3 Organoclay  

  Normally, the modification of clay surface can be done via ion 

exchange of the inorganic cations, such as Na+ or Ca2+ with those of organic 

surfactants, for example, organic ammonium cations as shown in Eq. 2.1 (Vansant 

and Peeter, 1978).  

 

                           (2.1) 

 

  From the Eq. 2.1, NaMMt is montmorillonite with Na+ as interlayer 

cations and R is the alkyl chain of the acidified primary amine surfactant. After 

modification, the surface of the clay becomes organophilic. Organic surfactants for 

clay modification include primary, secondary, tertiary and quaternary alkylammonium 

cations which are water soluble. So, most cation exchange can be carried out in 

aqueous suspensions.  

 

Na RNH 3      
NaMt RNH Mt 3 
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Figure 2.3 Structure of clay minerals represented by montmorillonite. They are built 

up from combinations of tetrahedral and octahedral sheets whose basic 

units are usually Si–O tetrahedron and Al–O octahedron, respectively 

(Alexandre and Dubois, 2000). 
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  Arroyo et al. (2003) modified MMT clay with octadecylamine (ODA). 

The result showed that interlayer spacing of modified MMT was higher than that of 

the unmodified MMT. To confirm the appearance of adsorbed surfactant in clay layer, 

FTIR was used to investigate the intercalated surfactant. Two peaks at 2918 and 2850 

cm-1 attributed to the C-H asymmetric and symmetric stretching vibrations of ODA 

surfactant, respectively were observed. Magaraphan et al. (2003) modified surface of 

MMT clay using a primary amine (dodecylamine, tetradecylamine, hexadecylamine, 

octadecylamine) and quaternary ammonium surfactants (hexadecyltrimethyl ammonium 

bromide, octadecyltrimethyl ammonium chloride). Octadecylamine-modified clay 

showed the highest interlayer spacing. The result indicated that the long alkyl chain of 

amine surfactants played an important role in the expansion of clay layers. 

Keawkumay et al. (2012) modified MMT surface using 

octadecylamine (ODA), a primary amine surfactant with C18 chain. The ODA-

modified MMT had a higher interlayer spacing than the unmodified one because of 

the intercalation of ODA molecules in the clay layers. The change may make it 

suitable for adsorption of the paraquat. However, the organic cation with a long 

carbon chain could affect adsorption capacity of paraquat on organoclay. This was 

because the organic molecules may hinder the intercalation of the paraquat molecules 

into the interlayer of clay (Seki and Yurdakoc, 2005). Therefore, TDA which is an 

aliphatic amine with C14 chain is selected to modify the MMT in this work. 
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 2.2.4 Mesoporous clay (Pillar clay) 

One of the drawbacks of using the clay mineral as adsorbent for 

organic pollutant is the low surface area. Therefore, the clay mineral can be modified 

to increase the surface area. Pillar clays (PILC) can provide large surface area and 

pore volumes, which are beneficial for organic compounds and intermediates to reach 

and leave the active sites on the surface. The design and synthesis of inorganic porous 

clay with a controlled pore structure is interesting due to their potential applications as 

catalysts, supports, selective adsorbents, separating agents, and porous matrixes for 

encapsulation of specific functional molecules (Li et al., 2009). The PILC can be 

synthesized using cationic surfactant as gallery templates which formed micelle 

within the interlayer of clay. After that, silica source (tetraethoxysilicate; TEOS) was 

incorporated with clay layers by hydrolysis and condensation, followed by 

calcinations at high temperature. The obtained product formed ordered mesoporous 

structure (Li et al., 2009). Moreover, titanium-containing mesoporous materials have 

potential applications as catalysts and adsorbents in various industrial processes 

(Trong On et al., 2001; Poladi et al., 2002; Jin et al., 2008). The titanium was 

incorporated in the frame of the interlayer silica pillar structure to obtain products 

with ordered mesoporous structure and high surface area (Mao et al., 2010; Yang et 

al., 2013; Sahel et al., 2014). Therefore, the surface area of clay mineral can be 

increased by generating mesopores by pillaring method.  
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2.3 Background of nanozeolites 

The nanosized particles of zeolites have been used in various applications 

including catalysts, adsorbent, medical materials, and membrane materials, etc 

(Mintova and Valtchev, 1999; Tosheva and Valtchev, 2005; Ghasemi et al., 2011; 

Mintova and Ng, 2013). Recently, nanosized zeolites have gained attention due to 

their special properties, for example, high external surface area and activities, more 

accessible active sites and shorter diffusion pathways, compared with microsized 

zeolite crystals (Tosheva and Valtchev, 2005 and Ansari et al., 2014).  

Tosheva and Valtchev (2005) reviewed the large number of researchers on 

synthesis of nanosized zeolites. Various nanosized zeolites were successfully 

synthesized via a hydrothermal method using clear aluminosilicate solutions with 

organic templates, such as NaA, FAU Y, FAU X and ZSM-5. Mintova and Valtchev 

(1999) synthesized the nanocrystalline FAU-type zeolites using the hydrothermal 

method with tetramethylammonium (TMA) as an organic template. The organic 

templates were used to reduce the crystal sizes (Schoeman, 1994; Davis, 2002; and 

Ansari et al., 2014).  

Zhan et al. (2002) synthesized various nanocrystallines of FAU X zeolite by 

developing an organic-template-free approach using silicate source and controlling 

hydrothermal crystallization conditions. Wang et al. (2003) prepared nanosized 

crystals of zeolite FAU X and A using thermoreversible polymer hydrogel to control 

the zeolite growth rate but this polymer was expensive. Aly et al. (2012) synthesized 

mordenite zeolite without organic template using hydrothermal method. Ansari et al. 

(2014) synthesized nanosized FAU X using microwave-assisted hydrothermal 

method. The pure phase of nanosized FAU X zeolite was obtained at the 
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crystallization temperature of 90°C for 3 h. Awala et al. (2015) successfully 

synthesized nanosized FAU zeolites using hydrothermal approach with the 

crystallization at 50°C for 45 h. The nanosized crystallines of FAU zeolites with a 

mean crystal size 10-15 nm were obtained.  

 

2.4 Background of vanadium incorporated zeolites 

Vanadium incorporated zeolites have been used as catalysts for the various 

oxidations of hydrocarbons, for example, oxidation of cyclohexane, benzene, phenol, 

etc., and also dehydration of glycerol (Maurya et al., 2011; and Siva et al., 2017). 

Dzwigaj et al. (2000) reported that the V(V); (NH4VO3) and V(IV); (VOSO4) 

precursors were incorporated with silanol groups of vacant T-sites of SiBEA zeolite 

by ion-exchange process. Hagiwara et al. (2003) introduced vanadium into USY 

zeolite by impregnation method. Cristiano-Torres et al. (2008) prepared the vanadium 

containing USY zeolite by impregnation method using vanadium naphtenate as a 

precursor. Pal et al. (2014) studied the vanadium exchanged zeolite by simple ion-

exchange on NaY as a heterogeneous catalyst for highly selective and direct one-pot 

liquid phase oxidation of cyclohexane to cyclohexanone. Silva et al. (2017) reported 

that the ammonium metavanadate (NH4VO3) precursor was impregnated on zeolite 

ZSM-5, Beta (BEA), ferrierite (FER), FAU Y, offretite (OFF) and mordenite (MOR) 

by used as vanadium catalysts for the oxidative dehydration of glycerol to acrylic 

acid.  

A large number of preparation method was one-pot synthesis, preparing by the 

introduction of the vanadium source i.e. V2O5, VOSO4 in the synthesis gel to form 

vanadosilicate. Vanadium incorporated zeolites prepared by one-pot synthesis are still 
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the best fulfill the compromise between vanadium concentration and metal dispersion 

(Teixeira-Neto et al., 2009). Kim et al. (1997) reported the incorporation of vanadium 

into ZSM-5, MOR and FAU Y zeolites by using one-pot hydrothermal method. The 

substitution of vanadium into the zeolite framework structure could be applied to the 

large pore zeolites and the vanadium containing zeolites had selective catalytic 

properties in various oxidation reactions. Moreover, there are many techniques to 

determined vanadium species in zeolites such as 51V nuclear magnetic resonance 

(NMR), X-ray photoelectron spectroscopy (XPS), diffuse reflectance UV-visible 

spectroscopy (DR-UV-Vis) and Raman spectroscopy (Centi et al., 1992; Dzwigaj et 

al., 1998; Teixeira-Neto et al., 2009).  
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CHAPTER III 

ADSORPTION OF PARAQUAT BY 

MONTMORILLONITE MODIFIED WITH 

TETRADECYLAMMONIUM CHLORIDE AND 

INTRAGALLERY TEMPLATING METHOD  

 

 

Abstract 

Adsorption of paraquat in water is performed on four adsorbents including 

montmorillonite (Mt), organoclay (TDA-Mt) from intercalation of Mt with 

tetradecylammonium chloride, and mesoporous Mt from intragallery templating 

method (with and without Ti addition). The adsorbents are characterized by X-ray 

diffraction, N2 adsorption-desorption and transmission electron microscopy. Paraquat 

adsorption isotherms follow Langmuir model and the adsorption capacity is as 

follows: TDA-Mt > Mt > mesoporous Ti-Mt > mesoporous Mt. The adsorption 

mechanism on TDA-Mt and Mt might be via ion exchange. The adsorption on 

mesoporous samples is on the external surface with negative charge. The presence of 

Ti enhances the adsorption capacity.  
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3.1  Introduction 

Herbicides and insecticides are used widely in agricultural activities.  Despite 

the main advantage to increase the product yield, they are considered to be water 

pollutants when they leach from soil. A herbicide which is widely used in Thailand is 

paraquat. It is toxic and persistent in the environment (WHO, 1984). Paraquat in water 

can be removed by adsorption with natural adsorbents such as clay minerals 

(Mithyantha et al., 1975; Rytwo et al., 2002; Seki and Yurdakoç, 2005).  

Clay minerals are hydrous aluminum phyllosilicates which consist of layers 

made up of silicon in tetrahedral coordination and aluminum, magnesium or iron in 

octahedral coordination. Montmorillonite (Mt) is a member of the smectite family, a 

2:1 layer (two tetrahedral and one octahedral sheet) with cationic substitution. 

Negative charges are generated by substitution of Si by Al in the tetrahedral sheet and 

the replacement of Al by Mg, Fe, Li or other small atoms in the octahedral sheet 

(Rouquerol et al., 1999). The charge distribution and internal surface area may make 

Mt a suitable adsorbent for cationic herbicides. There are several factors affecting the 

adsorption ability, for example, surface area, porosity, types of exchangeable cation, 

interlayer spacing and the presence of water molecules between the layers (Ganigar et 

al., 2010; Paul et al., 2010).  

The adsorption ability of the clay mineral can be improved by intercalation 

with cationic surfactant via ion exchange. The produced materials are known as 

organoclays (Seki and Yurdakoç, 2005). For example, Churchman (2002) modified 

bentonite by using a quaternary ammonium cation to improve toluene removal. Seki 

and Yurdakoç (2005) modified bentonite (B), also in a smectite family by 

nonylammonium chloride (NA, with C9 chain) and dodecylammonium chloride 
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(DCA, with C12 chain). The modification by both ammonium salts increased the clay 

interlayer spacing and changed the paraquat adsorption capacity. The adsorption 

increased on Na-bentonite but decreased in DCA-bentonite. The adsorption ability is 

related to the exchange ability of ammonium cation with the clay interlayer cation. In 

addition, the paraquat interaction to the organoclays depended on the thickness of the 

organic layer and size of paraquat molecules (Seki and Yurdakoç, 2005). 

Keawkumay et al. (2012) reported an intercalation of Mt by 

octadecylammonium chloride. The modification increased the interlayer spacing (1.38 

nm of Mt to 1.62 nm of ODA-Mt) and the obtained material is suitable as a filler of 

rubber nanocomposite. Such sample may work as an adsorbent for paraquat but the 

long carbon chain could lower the adsorption capacity (Seki and Yurdakoç, 2005). 

Therefore, tetradecylammonium chloride (TDA) which has a shorter carbon chain is 

selected instead for the Mt modification in this work.  

Another way to modify the clay is intra-gallery templating method that 

surfactant molecules can form micelles in the clay interlayer and pillars are created 

around the micelle by an addition of silicates. The surfactant molecules can be 

removed by calcination and mesopores are generated. An example of the intra-gallery 

templating method is the modification of Mt using CTAB with and without an 

addition of Ti (Mao et al., 2010). Their method is employed in this work and the 

obtained mesoporous materials are used as adsorbents. 

The objectives of this work are to prepare and characterize adsorbents from Mt 

including organoclay (TDA-Mt) and mesoporous materials from Mt and use as 

adsorbents for paraquat.  In this study, the new organoclay TDA-Mt is prepared from 
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modification of Mt with tetradecylammonium chloride.  Thus, it is the first time that 

TDA-Mt and mesoporous Mt and Ti-Mt are used as adsorbents for paraquat. 

 

3.2  Experiment 

 3.2.1  Materials  

   Calcium montmorillonite clay (Ca2+-MMT) with cation exchange 

capacity (CEC) value of 80 meq/100g is supplied by Thai Nippon Co., Ltd. 

Tetradecylamine (TDA: CH3(CH2)13NH2) is purchased from Acros. 

Cetyltrimethylammonium bromide (CTAB: (CH3)3(CH2)16NH2) is purchased from 

Unilab. Tetraethoxy silane (TEOS: Si(OC2H5)4) and tetrabutyl titanate (Ti(OBu)4) are 

purchased from Fluka and Aldrich, respectively. Chemical structures of these 

surfactants are shown in Figure 3.1. 

 3.2.2  Preparation of organoclays  

 Mt with cation exchange capacity (CEC) of 80 meq/100g had the 

contents by weight percent in oxide form on the product label are as follows: Al2O3, 

6.59; SiO2, 68.24; CaO, 3.39; K2O, 3.36; Fe2O3, 11.52; and TiO2, 2.40. Mt is 

modified by tetradecylammonium chloride with a method adapted from Keawkumay 

et al. (2012). The content of TDA is equivalent to the CEC. 10 g of Mt is dispersed in 

200 mL hot deionized water (70 °C) with a continuous stirring. Tetradecylamine 1.71 

g in 100 mL hot deionized water is protonated by concentrate hydrochloric acid 1 mL 

and added to the clay-water dispersion. Then, the mixture is stirred vigorously for 2 h, 

filtered, washed repeatedly with hot deionized water, vacuum-filtered, dried at 90 °C. 

The obtained organoclay is notated TDA-Mt. 
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(a) 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

 

Figure 3.1 Chemical structures of (a) Tetradecylamine (TDA), (b) Cetyltrimethyl-  

ammonium bromide (CTAB), (c) Tetraethoxy silane (TEOS) and  

(d) Tetrabutyl titanate. 

 

 3.2.3  Preparation of mesoporous-Mt and mesoporous-Ti-Mt 

 Mesoporous-Ti-Mt is synthesized by intra-gallery templating method 

(Mao et al., 2010). 10 g of Mt is dispersed in 30 mL of DI water and stirred for 10 

min. 10.23 g of CTAB is dissolved in 65 mL of ethanol, added with a mixture from 

63 mL of tetraethoxy silane and 4.8 mL of tetrabutyl titanate and stirred for 30 min to 

produce a clear solution. The solution is dropped slowly to the clay dispersion and 
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stirred at room temperature for 1 h. The pH of the obtained gel is adjusted to 10 by an 

ammonia solution.  The mixture is stirred for 2 h, filtered, dried at 90 °C and calcined 

at 600 °C for 6 h with heating rate of 2 °C/min. This sample is referred to as 

mesoporous-Ti-Mt. In addition, mesoporous-Mt without the addition of Ti(OBu)4 is 

synthesized with the same procedure. 

 

3.3 Material characterization 

 3.3.1 Phase composition 

 The phase composition of all samples is characterized by X-ray 

diffractometer (XRD, Bruker D8 ADVANCE) with a Cu Kα radiation (λ = 1.5418 Å) 

operated at a voltage of 40 kV. The XRD patterns sre recorded with a step size of 0.02 

and a scan speed of 0.2 °/min. The interlayer spacing of Mt is calculated from the 

XRD peak position using Bragg’s law. 

 3.3.2 N2 adsorption-desorption isotherms  

   N2 adsorption-desorption isotherms of the adsorbents are obtained 

from a Micromeritics ASAP 2010 instrument. The samples are degassed at 300 °C for 

8 h before the measurement. An exception is on TDA-Mt which is degassed at 150 °C 

to preserve the organic composition. The specific surface areas (SBET) are calculated 

using the Brunauer–Emmett–Teller (BET) equation. The pore size distribution of 

mesoporous-Mt and mesoporous-Ti-Mt is calculated using the Barrett-Joyner-

Halenda (BJH) method. 
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 3.3.3 Morphology 

 The pore structure of clay, organoclay and pillar clay samples is 

determined by transmission electron microscopy (TEM) on a Tecnai G2 with an 

accelerating voltage of 200 kV. The samples are prepared by ultrasonic dispersion, 

using absolute alcohol as a solvent and micro grit as a support membrane. 

3.3. 4 Functional groups  

 Functional groups of all adsorbents before and after adsorption of 500 

ppm paraquat are identified by a Fourier transform infrared spectrometer (FTIR) 

(Perkin Elmer Spectrum GX) using KBr pellet technique. The spectrum is recorded in 

the 4000-400 cm−1 region with 2 cm−1 resolution. 

 

3.4 Adsorption study 

A commercial paraquat solution (27.6% w/v) is purchased from a local store 

and used for a preparation of a stock solution. Its concentration is spectrometrically 

determined using an external standard method. The adsorption kinetics is performed 

by adding 0.100 g of the adsorbent to a polypropylene (PP) bottle containing 20 mL 

of paraquat solution with the concentration of 500 ppm. The mixture is agitated by 

using a magnetic stirrer at the speed of 400 rpm for various times. Then 10 mL of the 

samples in each bottle is collected and immediately filtered using a 0.45 μm syringe 

filter. The amount of remaining paraquat in the solution is determined using a UV-Vis 

spectrophotometer (Varian CARY 300) at a wavelength corresponding to the 

maximum absorbance, λmax at 257 nm. The kinetic models (pseudo-first-order, 

pseudo-second-order) sre used to determine the adsorption kinetic mechanisms.  
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The pseudo-first-order model explains adsorption in solid-liquid systems 

based on the adsorption capacity of solid (Hameed, 2007; Boparai et al., 2011; 

Fatimah and Huda, 2013). The pseudo-first-order model is described by Eq. 1:  

 

 (1) 

 

where k is the pseudo-first-order rate constant (1/min), qt is the amount of paraquat 

adsorbed at time t (mg/g). From the plot of log (qe - qt) versus t, k and qe can be 

directly obtained from the slope and intercept, respectively.  

The pseudo-second-order rate expression, Eq. 2, is applied in the analysis of 

chemisorption from aqueous solutions (Tsai et al., 2005; Boparai et al., 2011):  

 

 (2) 

 

where k is the pseudo-second-order rate constant (g/mg min), qt is the amount of 

paraquat adsorbed at time t (mg/g). From the plot of (t/qt) versus t, k and qe are 

obtained from the intercept and slope, respectively.  

3.4.1 Adsorption isotherms 

Adsorption isotherms are obtained by using 0.100 g of adsorbent and 

paraquat concentration ranging from 100 to 1000 ppm. The paraquat solution (20 mL) 

is added into a 100 mL polypropylene bottle containing the adsorbent at room 

temperature, stirred for 1 h and filtered through a 0.45 μm syringe filter. The amount 

of remaining paraquat in the solution is determined using a UV-Vis 

spectrophotometer at a wavelength corresponding to the maximum absorbance, λmax at 



 

43 

m

e

mLe

e

q

C

qKq

C
  

1
  

257 nm. The adsorption data is analyzed according to linear form of Langmuir and 

Freundlich isotherms. 

Langmuir and Freundlich models are commonly applied to explain the 

adsorption behavior. The Langmuir isotherm assumes that the adsorbate forms 

monolayer on the adsorbent and the maximum adsorption could be determined by the 

equation (Thomas and Crittenden, 1998; Singh, 2009; Tan and Xiao, 2009; Boparai et 

al., 2011) given as:  

  

(3) 

 

where KL is the Langmuir constant related to the affinity of binding site (L/mg) and qm 

is the maximum adsorption capacity (mg/g). Both KL and qm can be determined from 

the linear plot of Ce/qe versus Ce. 

3.4.2 Effect of pH for paraquat adsorption on Mt samples 

The effect of pH is performed by adding 0.10 g of the adsorbents to a 

PP bottle containing 20 mL of 500 mg/g of paraquat solution with various pH (1.5, 

3.5, 5.5 (as-prepared), 7.5, 9.5. The mixture is agitated by using a magnetic stirrer at 

the speed of 400 rpm for 60 min before sampling and analysis by UV-Vis 

spectrophotometer.  
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3.5  Results and discussion 

 3.5.1 Structures of clay and organoclays 

  XRD spectroscopy is a common technique used in investigating 

surfactant intercalation and expansion of Mt. As Mt interlayer spacing can expand or 

contract, the peak position in the XRD spectrum of Mt shifts proportionally. Then, the 

interlayer spacing of Mt can be calculated from the XRD peak position using Bragg’s 

law: 

 

                d = λ / (2 sinθ)                      (3.1) 

 

where d is the interlayer spacing of clay, λ is the X-ray wavelength of CuKα equal to 

1.5418 Å, and θ is the incident angle of X-ray.  

 

Table 3.1 2 Theta (2θ) and interlayer spacing of Mt and modified Mt. 

Clay sample 
2 Theta 

(degree) 

Interlayer spacing 

(nm) 

Mt 5.74 1.54 

TDA-Mt 2.74, 5.18 3.22, 1.70 

Mesoporous-Mt 1.30 6.79 

Mesoporous-Ti-Mt 2.28 3.87 
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Figure 3.2 XRD pattern of (a) Mt and TDA-Mt, and (b) mesoporous Mt and       

                 Mesoporous Ti-Mt. 
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XRD patterns of Mt and TDA-Mt are shown in Figure 3.2a and those 

of mesoporous Mt and Ti-Mt shown in Figure 3.2b. The XRD peaks of Mt occurred at 

5.7° and 8.9°. The first peak corresponded to the plane 001 and the interlayer spacing 

of 1.54 nm as shown in Table 3.1. The major XRD peak of TDA-Mt at 5.2° 

corresponds to an interlayer spacing of 1.73 nm. The increase spacing from that of Mt 

corresponds to intercalation of TDA into the interlayers (de Paiva et al., 2008). The 

change depended on the chain length of surfactant. For example, the larger increase 

from 1.22 nm of Na-Mt to 3.92 and 2.14 nm of Mt functionalized with a zwitterionic 

surfactant (3-(N,N-dimethylhexadecylammonio)propanesulfonate, DHAPS) (Gu et 

al., 2015). The expansion from 0.97 nm of untreated Na-Mt to 1.40 nm in an 

organoclay from Na-Mt and benzyl decyltrimethyl ammonium is also reported 

(Guégan et al., 2015). An increase of interlayer spacing is also reported on bentonite 

modified with nonylammonium chloride and dodecyl-ammonium chloride (Seki and 

Yurdakoç, 2005). 

The XRD patterns of mesoporous Mt and mesoporous Ti-Mt show a 

broad peak corresponding to a plane (001) in an ordered lamellar clay material (Mao 

et al., 2010; Yang et al., 2013). The peak from mesoporous Ti-Mt has a higher 

intensity than that from mesoporous Mt suggesting a more uniform structure. Both 

samples do not show peaks corresponding to hexagonal mesoporous silica (Brigante 

and Avena, 2014). 

 3.5.2 N2 adsorption-desorption isotherms 

N2 adsorption-desorption isotherms of Mt and TDA-Mt are shown in 

Figure 3.3a. The adsorption isotherm (filled symbols) of Mt and TDA-Mt are type II 

according to the IUPAC classification (Sing, 1982). The samples are non-porous or 
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macroporous. The adsorbed volume to form monolayer is low and the multilayer 

adsorption began afterward. TDA-Mt has a lower adsorbed volume than Mt (Table 

3.2) due to the presence of the surfactant within the interlayer. The decrease of surface 

area is also reported when Na-Mt contained a zwitterionic surfactant (Gu et al., 2015). 

The desorption isotherm (empty symbols) of Mt does not overlap with the adsorption 

forming a H3 hysteresis loop in the P/P0 range 0.45-1.0. The H3 loop is a 

characteristic of aggregates of plate-like particles possessing non-rigid slit-shaped 

pores (Sing, 1982; Rouquerol et al., 1999). The term “pseudo type II” or “type IIb” 

are also used to classify the isotherm of natural montmorillonite (Rouquerol et al., 

1999). Similar hysteresis loops are reported by Gu et al., 2015. 

The isotherm of mesoporous Mt and mesoporous Ti-Mt are shown in Figure 

3.3b. Both samples had type IV adsorption isotherm according to the IUPAC 

classification with a hysteresis loop type H3 (Sing, 1982; Rouquerol et al., 1999). The 

adsorbed volume from mesoporous Ti-Mt is higher than that without Ti indicating a 

larger surface area (Table 3.2).  

 

Table 3.2 Surface area, total pore volume and average pore diameter of Mt samples. 

Adsorbent 

Surface area 

(SBET) 

(m2 g-1) 

Total pore 

volume 

(cm3 g-1) 

Average pore  

diameter 

(nm) 

Mt 49 0.1078 8.72 

TDA-Mt 26 0.1355 20.77 

mesoporous Mt 379 0.2846 3.00 

mesoporous Ti-Mt 716 0.5871 3.28 
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Figure 3.3  N2 adsorption-desorption isotherms of  (a) Mt and TDA-Mt, and  

         (b) mesoporous Mt and Mesoporous Ti-Mt. 
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Figure 3.4 Morphology of Mt, TDA-Mt, mesoporous Mt and mesoporous Ti-Mt. 

 

 3.5.3 Morphologies 

The morphologies of the Mt and modified Mt samples from TEM are 

shown in Figure 3.4. Mt showed aggregation of several layers with varied sizes and 

orientations. TDA-Mt exhibits the intercalation of TDA into the clay layers and the 

particles may be exfoliated. In the images of mesoporous Mt and mesoporous Ti-Mt, 

the clay layers are discernible as solid dark lines.  The pores appear in lighter contrast 
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between the layers which consists of uniform layered structure. Furthermore, the 

uniform gallery pores are observed between the dark layers (Mao et al., 2009; Gao et 

al., 2012; Yang et al., 2013; Mao et al., 2014; Mao et al., 2015). 

 3.5.4 Functional groups 

  FTIR is used to identify functional groups of Mt and modified Mt. 

Figure 3.5 showed FTIR spectra of Mt, TDA-Mt, mesoporous Mt and Mesoporous Ti-

Mt and the assignments are showed in Table 3.3. The spectrum of Mt, mesoporous Mt 

and Mesoporous Ti-Mt show a broad band between 3644-3324 cm−1 corresponding to 

the OH stretching vibration of water, and a band at 1638 cm−1 corresponding to the 

OH bending vibration of the interlayer water of the Mt. In addition, a sharp band 

corresponding to the Si-O stretching vibration of the layered silicate is observed at 

1038 cm−1. Furthermore, the Si-O and Al-O bending vibration bands are observed at 

600-400 cm−1.  

FTIR spectrum of TDA-Mt showed four additional peaks compared 

with that of Mt. Bands around 2920 cm−1 and 2850 cm−1 attributed to the C-H 

asymmetric and C-H symmetric, stretching vibration of alkyl chains, respectively. 

Bands around 1470 cm−1 and 1380 cm−1 corresponded to the C-H asymmatric and 

symmatric bending vibration of alkyl chains, respectively. These results indicate that 

the surfactants may intercalate into Mt galleries or adsorb on the surface of Mt. 
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Figure 3.5 FTIR spectra of Mt, TDA-Mt, mesoporous Mt and Mesoporous Ti-Mt. 
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Table 3.3 FTIR assignments of Mt and modified Mt.  
 

Wavenumber (cm−1) 

Assignment 

Mt TDA-Mt 
Mesoporous 

Mt 

Mesoporous 

Ti-Mt 

3644-3324 3644-3324 3644-3324 3644-3324 O-H stretching of water  

- 

 

2920-2850 

 

- 

 

- 

 

CH2 asymmetric 

stretching of TDA  

1638 

 

1637 

 

1638 

 

1635 

 

H-O-H bending 

vibration of water 

1043 1042 1043 1042 Si-O-Si stretching  

916 914 912 912 Al-OH-Al 

850 850 850 850 Si–O–Al, Al–OH–Mg 

795 

 

795 

 

795 

 

795 

 

OH bending vibration 

of hydrated water 

625 627 627 629 Si–O–Mg, Mg–OH 

527 522 523 522 Si–O–Al deformation 

467 463 460 463 Si–O–Mg 

 

 

3.5.5 Adsorption of paraquat on Mt and modified samples  

Amount of paraquat adsorbed on all adsorbents at various equilibrium 

concentrations are shown in Figure 3.6. The amount of paraquat adsorbed on all 

adsorbents increases sharply at very low equilibrium concentrations implying that 

paraquat adsorption on these adsorbents are chemisorption. The isotherms of paraquat 

adsorbed on Mt samples based on Giles classification (Giles et al., 1960) are class H 

(high affinity) sub-group 2 which is a strong adsorption. The adsorption curve tends to 
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be a plateau indicating a formation of paraquat monolayer on the adsorbent surface. 

The similar adsorption behavior is reported on montmorillonite-zirconium(IV) cross-

linked compound (González-Pradas et al., 2000), Algerian bentonite (Ait Sidhoum et 

al., 2013) and DHAPS-Mt (Gu et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Adsorption isotherm of paraquat on Mt and modified Mt samples. 

 

The adsorption of paraquat on Mt samples follows Langmuir isotherm 

indicating a monolayer adsorption. The Langmuir parameters are summarized in 

Table 3.4. The adsorption of paraquat on TDA-Mt has the highest KL values 

indicating that the highest affinity of paraquat molecules to the binding sites (Giles et 

al., 1960). The maximum adsorption capacity (qm) of the adsorbents on TDA-Mt is 

the highest (52 mg/g-adsorbent) followed by Mt, mesoporous Ti-Mt and mesoporous 

Mt. Although TDA-Mt has the lowest surface area, it has the highest adsorption 
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capacity.  Paraquat dication could exchange with TDA and cations in the clay layers 

of TDA-Mt and Mt, respectively.  

 

Table 3.4 Langmuir parameters for paraquat adsorption on Mt and modified Mt. 

 

 

To confirm the exchange hypothesis, the Mt and TDA-Mt samples 

containing paraquat are characterized by XRD and the results are shown in Figure 3.7. 

The XRD pattern of Mt containing paraquat (Mt-PQ) shows the main peak at 7.0º 

corresponding to the interspacing layer 1.26 nm. The decrease of the interlayer 

spacing indicates ion exchange between hydrated cations and paraquat dication. 

Similar behavior is also reported on ion exchange of hydrated Na+ from Na-Mt by 

alkyl ammonium, glycine ethylester and ethylenediammonium (Laura and Cloos, 

1975; Bala et al., 2000; Khan et al., 2009; Khan et al., 2012). The XRD pattern of 

TDA-Mt containing paraquat (TDA-Mt-PQ) shows the main peak at 7.0° 

corresponding to the interlayer spacing 1.27 nm. The spacing is similar to that of 

paraquat adsorbed on untreated Mt indicating that paraquat exchanged with the TDA.  

 

Adsorbent 

Langmuir parameter for paraquat 

qm 

(mg g-1) 

KL 

(L mg-1) 
R2 

Mt 38 0.211 0.9908 

TDA-Mt 52 0.374 0.9950 

mesoporous Mt 18 0.132 0.9959 

mesoporous Ti-Mt 25  0.348 0.9975 
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Figure 3.7 XRD of a) Mt and TDA-Mt, b) Mt and TDA-Mt with paraquat. 
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The influence of pH on the adsorption of paraquat is shown in Figure 

3.8. The lower amount adsorbed at the lower pH indicates a competition between 

proton and paraquat to the adsorption sites. A similar effect is reported on adsorption 

of paraquat on silica (Brigante and Avena, 2014). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Effect of pH on the adsorption of paraquat using Mt samples as adsorbents. 

 

Table 3.5 compares paraquat adsorption capacities from this work and 

literature. The adsorption capacities of Mt from different studies seem to depend on 

composition and treatment method. From other works, samples from Mt modified 

with cationic or non-ionic surfactant have lower capacities than the un-modified one 

due to the difficulty to exchange (Guégan et al., 2015; Gu et al., 2015). Zwitterion 

surfactants could improve the adsorption capacity because their anionic group on one 

side interacts strongly with paraquat dication (Gu et al., 2015).  
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Table 3.5 Maximum adsorption capacities of Mt, organoclay (based Mt) and mesoporous Mt. 

Adsorbent 

Type of 

surfactant in 

orgnoclay 

qmax (mg g-1) Reference 

Mt   38 This work 

TDA-Mt  cationic 52 This work 

Na-Mt  134 Guégan et al., 2015 

BDTA-Mt cationic - Guégan et al., 2015 

C10E3-Mt  non-ionic 39 Guégan et al., 2015 

Na-Mt  Low Gu et al., 2015 

CTAB-Mt cationic 6.4 & 6.9 Gu et al., 2015 

DHAPS-Mt zwitterionic 70.8 & 75.5 Gu et al., 2015 

SDS-Mt zwitterionic 85.2 & 90.9 Gu et al., 2015 

Mesoporous Mt  18 This work 

Mesoporous Ti-Mt   25 This work 

MCM-41  21.3 
Rongchapo et al., 

2013 

Al-MCM-41  66.4 
Rongchapo et al., 

2015 

Mesoporous silica  107 
Brigante and Avena, 

2014 
 

TDA = tetradecylammonium 

BDTA = benzyl decyltrimethyl ammonium 

C10E3 = triethylene glycol mono n-decyl ether 

CTAB = cetyltrimethylammonium bromide 

DHAPS = (3-(N,N-dimethylhexadecylammonio)propanesulfonate 

SDS = sodium dodecyl sulfonate 
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In the case of mesoporous Ti-Mt and mesoporous Mt, the adsorption 

capacity is low despite the large surface area. The results indicated that adsorption 

occurs on the external surface. The presence of Ti generates negative charge surface 

and enhanced the adsorption. With the similar reason, the presence of Al in 

mesoporous MCM-41 leads to higher adsorption capacities (Rongchapo et al., 2013; 

Rongchapo et al., 2015). Moreover, the higher adsorption capacity is reported on 

mesoporous silica with uniform particle size prepared with a mixed surfactant 

(Brigante and Avena, 2014). 

 

3.6  Conclusions 

Montmorilonite (Mt) is modified by tetradecylammnium chloride (TDA) to 

produce TDA-Mt. The intercalation of TDA resulted in the increase of interlayer 

spacing and decrease in the surface area. Moreover, Mt is modified by intragallery 

templating to produce mesoporous Mt and mesoporous Ti-Mt. Both samples have 

lamellar structure with significantly higher surface area than the parent Mt due to the 

presence of mesopores. The paraquat adsorption capacity is as follows: TDA-Mt > Mt 

> mesoporous Ti-Mt > mesoporous Mt. The adsorption isotherm fits with Langmuir 

model. The adorption on TDA-Mt and Mt is ion exchange. For mesoporous materials, 

the adsorption occurred on external surface and the presence of Ti increases the 

adsorption capacity. The adsorption decreases in acidic conditions.  
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CHAPTER IV 

PARAQUAT ADSORPTION ON FAU Y ZEOLITE WITH 

VARIOUS SILICON/ALUMINIUM RATIO 

 

Abstract  

Paraquat is widely used for agricultural purposes. It is a water pollutant 

leaching from soil. Moreover, paraquat is highly toxic to human. The objective of this 

study is to synthesize FAU type zeolite with various Si/Al ratios for the adsorption of 

herbicide paraquat. The synthesis of zeolite FAU with different Si/Al ratios (2.1 to 

2.4) and particle sizes (100-300 nm) is performed using hydrothermal method. The 

samples exhibit the X-ray diffraction patterns corresponding to pure FAU phase. The 

crystal size, morphology and chemical composition are controlled by changing the 

conditions of hydrothermal treatment.  Paraquat adsorption is performed in a batch 

system. The results show that the adsorption process could be described with the 

Langmuir model. The capacity of the adsorbents is in the range of 210-240 mg/g-

adsorbent. After paraquat adsorption, the surface areas of the samples decrease from 

800 to 30 m2/g indicating that paraquat adsorbs in the zeolite. The FAU samples with 

the higher Si/Al ratio (2.4) has the higher adsorption capacity.  
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4.1 Introduction 

Zeolite Linde type Y in sodium form (NaY) belongs to faujasite (FAU) family 

with a framework containing double 6 rings linked through sodalite cages generating 

supercages with average pore diameter of 7.4 Å. NaY is commonly applied as 

catalysts and adsorbents for the removal of volatile organic compounds (Baba et al., 

2002, Su et al., 2010), adsorption of paraquat (Rongchapo et al., 2013) and fluid 

cracking catalysts (Cundy and Cox, 2005). Several methods to prepare NaY from rice 

husk are reported (Wittayakun et al., 2008; Tan et al., 2011; Saceda et al., 2011; 

Mohamed et al., 2015). In general, NaY can be synthesized in two steps to avoid the 

formation of other phases, especially zeolite NaP (Wittayakun et al., 2008; Petkowicz 

et al., 2008). NaY can be synthesized using various starting silica and alumina 

sources. Normally, a conventional method of NaY synthesis uses commercial silica 

(SiO2) and alumina (Al2O3). To reduce costs of synthesis, agricultural wastes can be 

used as the silica source in the synthesis of zeolite instead of chemical sources. Some 

countries in south-east Asia, especially, Thailand, produce large quantities of rice 

husk (RH) as a byproduct from the rice milling industry. This husk has low 

commercial value and is usually burnt as a fuel. About 20 wt% of ash is produced and 

the ash contains 85-98 wt% silica with low amounts of traced metallic elements 

impurities. Silica from RH has a uniform dispersion by molecular units, very fine 

amorphous particle size, high purity and surface area (Liou et al., 2004). 

Changing aluminium content in the zeolite Y framework provides an 

additional way of controlling the number, strength, and distribution of the acid sites, 

and thus the catalytic activity (Kaduk and Faber, 1995). Zeolite Y can be synthesized 

with lower and higher critical point of Si/Al value in zeolite Y composition (Lutz, 
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2015). Furthermore, Si/Al ratio relates to hydrophobicity and hydrophilicity of zeolite 

Y. The decrease amount of aluminium could increase the hydrophobicity of the ≡Si–

O–Si≡ bonds. In addition, zeolite with a higher amount of aluminium is more 

hydrophilic due to the ≡Si–O–(Al(−))≡ bonds (Chen, 1976; Luzt, 2015). 

Paraqaut is a herbicide which is widely used in Thailand, including in Nakhon 

Ratchasima province to control weeds and grasses. However, paraqaut is highly toxic 

to humans and animals when contacted via ingestion, skin contact and splash to eyes 

(Suntres, 2002). Paraquat can contaminate water due to high solubility. Therefore, it is 

important to study a removal of paraquat from aqueous solution by using natural 

adsorbents i.e. clay, activated carbon, zeolite.  

Ibrahim and Jbara (2009) study the adsorption of paraquat on natural 

phillipsite-faujasite tuff from Jordan. This adsorbent consists of 65% zeolites (45% 

faujasite and 20% phillipsite), 30% palagonite and 5% of calcite. Paraquat readily ion 

exchanges into faujasite. When the faujasite tuff (F) is activated by Na+, K+, Ca2+ and 

Mg2+, the adsorption capacities are high. Nur et al. (2005) study the adsorption of 

commercial paraquat using a commercial NaY zeolite with surface area of 900 m2/g. 

Paraquat at a concentration of 300 ppm is removed completely in less than 10 min by 

0.4 g of NaY. When NaY particles are covered with alkylsilane, the zeolite 

hydrophillicity decreased. The paraquat adsorption slightly decreases (but still more 

than 95%) and blue dye (Cibacron Blue 35A) is also removed. Rongchapo et al. 

(2013) study the adsorption of commercial paraquat on porous material derived from 

rice husk silica, including MCM-41, NaBEA, NaY and NaX. Those materials are 

different in pore structure, surface area and Si/Al ratio. NaY, which is in the faujasite 

family with a Si/Al ratio of 2.3, has the highest maximum adsorption capacity (185 
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mg/g) and the mechanism is cation exchange. Since the adsorption depends on Si/Al 

ratio, they further use the adsorbent with higher Al content including Al-MCM-41 and 

NaX. The adsorption capacity on Al-MCM-41 is higher than MCM-41.  However, the 

capacity on NaX is lower than that on NaY (Rongchapo et al., 2015). Thus, an 

influence of Si/Al ratio in a narrow range on the paraquat adsorption is investigated in 

this work. 

 
 

4.2  Experiment 

4.2.1 Synthesis of zeolite NaY 

The zeolite NaY is synthesized with a procedure modified from that by 

Robson (2001). The Si/Al ratio is varied to be slightly more or less than 2.2.  Na2SiO3 

solution is prepared by dissolving of 57.4 g RHS in NaOH solution prepared from 

dissolving of 23.00 g NaOH in 119.60 g DI water. A seed gel with a molar ratio of 

10.67Na2O:Al2O3:10SiO2:180H2O is prepared. NaOH (4.09 g) is dissolved in 20.00 g 

of DI water in a PE bottle, then, anhydrous NaAlO2 (varied from lower 20% to higher 

20% of normal sodium aluminate content, Riedel-de Haën®, 41.383% Na2O, 58.604% 

Al2O3) is added to NaOH solution. The mixture is stirred for 10 min until the solution 

is clear before an addition of 22.72 g Na2SiO3 solution to the solution of NaAlO2. The 

mixture is stirred for 10 min, capped, and aged at room temperature for 24 h.  

  A feedstock gel with molar ratio 4.30Na2O:Al2O3:10SiO2:180H2O is 

prepared with a similar procedure to that of the seed gel except that it is used 

immediately without aging. NaOH (0.14 g) is dissolved in DI water (131.97 g) in a PE 

bottle, then, NaAlO2 (varied from lower 20% to higher 20% of normal sodium 

aluminate content) is added, stirred for 10 min and, then, Na2SiO3 solution (143.43 g) 
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is added to the NaAlO2 solution. The synthesized NaY samples are called NaY1 

(+20% Al), NaY2 (+10% Al), NaY3 (normal), NaY4 (-10% Al) and NaY5 (-20% Al). 

4.2.2 Characterization of zeolite NaY 

NaY samples are characterized by X-ray diffractometer (XRD, Bruker 

D8 ADVANCE) with a Cu Kα radiation (λ = 1.5418 Å) operated at a voltage of 40 

kV. The XRD patterns are recorded with a step size of 0.02 and a scan speed of 0.2 

°/min. In addition, the adsorbents containing paraquat are characterized with the 

similar procedure. Those samples are treated with paraquat (500 ppm) with a 

procedure similar to the adsorption study, washed by DI water and dried at 90 °C 

overnight. The Si/Al ratios are determined by X-ray fluorescence spectrometry (ED-

XRF, Horiba 5200). Morphology of the NaY is studied by an SEM (CARL ZEISS-

AURIGA). 

N2 adsorption-desorption isotherms are obtained from N2 adsorption-

desorption analyzer (Bel Sorp mini II) at a liquid nitrogen temperature and surface 

area is calculated using a Brunauer–Emmett–Teller (BET) method. The samples are 

degassed at 300 °C to remove physisorbed gas. The spent adsorbents are degassed at 

150 °C to preserve the organic content.  

Functional groups of all adsorbents before and after adsorption of 

paraquat (500 ppm) are identified by a Fourier transform infrared spectrometer 

(FTIR) on a Perkin Elmer Spectrum GX using KBr pellet technique. The spectrum is 

recorded in the 4000-400 cm−1 region with 2 cm−1 resolution. 

  The basicity of the NaY is analyzed by temperature-programmed 

desorption of carbon dioxide (CO2-TPD) in a Belcat-B equipped with a thermal 

conductivity detector. A sample weight of 100 mg is packed in a tubular U-shaped 
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quartz cell. Each sample is preheated at 300 °C with a heating rate of 10 °C/min in a 

He flow (50 mL/min) for 360 min to eliminate physisorbed species before cooling to 

70 °C. Then a constant flow of 50 mL/min of CO2/Ar gas mixture is introduced over 

the samples for 30 min to achieve saturation. After that, the sample is flushed with He 

for 30 min, heated up to 100 °C with a heating rate of 10 °C/min and held for 3 h to 

remove physisorbed species. The CO2-TPD measurement is performed from 130 to 

800 °C with a heating rate of 10 °C/min with He as a carrier gas. The number of basic 

sites is calculated from the peak area compared to a reference material that is analyzed 

with the same conditions. 

4.2.3 Paraquat adsorption 

The adsorption of paraquat is performed using a commercial paraquat 

solution (27.6% w/v in water) purchased from a local agro store. The exact 

concentration is determined from a calibration curved constructed from the chemical 

grade reagents. The adsorption is performed by adding 0.10 g of the adsorbent to a 

conical flask containing 20 mL of paraquat solutions with various concentrations. The 

mixture is agitated by using a magnetic stirrer at the speed of 400 rpm for 60 min. 

Then 10 mL of the samples in each flask is collected and immediately filtered using a 

0.45 μm syringe filter. The amount of remaining paraquat in the solution is 

determined using a UV-Vis spectrophotometer (Varian CARY 300) at a wavelength 

corresponding to the maximum absorbance, λmax at 257 nm. The amount of paraquat 

or pirimiphos-methyl adsorbed at equilibrium (qe) is calculated by Eq. 1 (Tan and 

Xiao 2009; Boparai et al., 2011). 
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C0 and Ce are the initial and equilibrium concentration of paraquat (mg/L), 

respectively. V is the volume of paraquat solution (L) and w is the amount of 

adsorbent (g). 

  In order to determine the maximum adsorption capacity of paraquat on 

NaY samples, the Langmuir isotherm is used. This isotherm assumes that the 

adsorbate forms monolayer on the adsorbent with uniform sites. (Thomas and 

Crittenden, 1998; Singh, 2009; Tan and Xiao, 2009; Boparai et al., 2011).  

 

  

(4) 

 

where KL is the Langmuir constant related to the affinity of binding site (L/mg) and qm 

is the maximum adsorption capacity (mg/g). Both KL and qm can be determined from 

the linear plot of Ce/qe versus Ce. 

 

4.3 Results and discussion 

 4.3.1 Structure and Si/Al ratio of NaY 

Figure 4.1(a) and 4.1(b) show the XRD pattern of the zeolite NaY 

paraquat adsorption with different Si/Al ratio and without paraquat adsorption. All 

diffraction peaks of NaY are similar to those of the standard NaY (Treacy and 

Higgins, 2007). The XRD patterns exhibit sharp characteristic peaks of NaY from 2θ 

= 5°-80° indicating that the obtained NaY are in the crystalline form of all ratio. 
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Moreover, the diffraction peaks also revealed that no other significant peaks 

correspond to other zeolites appeared. It is confirmed that NaY of high purity is 

successfully synthesized from rice husk silica. After paraquat adsorption (Figure 

4.1(b)), the XRD peaks of all NaY adsorbents are similar to fresh NaY indicating that 

the structure of NaY samples is not collapsed after the adsorption. This evidences 

confirmed that paraquat adsorption on NaY with various Si/Al ratio does not change 

the zeolite structure. However, intensities of the plane (220) and (311) from the 

pattern of paraquat adsorbed NaY are different from those of NaY samples. The 

intensity ratio I(220)/I(311) explains a change in distribution of sodium ions (Na+) from 

their random positions in supercages to specific sites by an incorporation of a large 

ion (Kozlov et al., 1998; Nakayama et al., 2003). The I(220)/I(311) changes after 

paraquat adsorption indicating that the amount of Na+ in NaY are changed. The result 

confirms that paraquat adsorption occurs through cation exchange. A similar result is 

reported on zeolite NaY and NaX (Rongchapo et al., 2017). 

The Si/Al ratio of the synthesized NaY is shown in Table 4.1, the Si/Al 

ratio of NaY3 is 2.25. Decreasing the Al in seed gel and feed stock gel processes, the 

Si/Al ratios of NaY1 and NaY2 increase to 2.40 and 2.31, respectively. Increasing the 

Al in seed gel and feed stock gel processes, the Si/Al ratio of NaY4 and NaY5 

decreased to 2.19 and 2.15, respectively. The results confirm that the Si/Al of 

synthesized NaY with various Al contents is in the range of FAU zeolite NaY (Lutz, 

2014). 

 4.3.2 N2 adsorption-desorption isotherms 

The nitrogen adsorption-desorption isotherm of all NaY samples with 

and without paraquat adsorption are shown in Figure 4.2, respectively. All samples 

http://www.sciencedirect.com/science/article/pii/S0254058410000180#fig1
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possessed a type I isotherm, the volume of nitrogen uptake increased quickly at low 

relative pressure (P/P0 = 0-0.1) by adsorption in micropores and external surface 

which is characteristic of microporous materials. The volume adsorbed to give 

monolayer is reached at low relative pressure. After the monolayer adsorption, the 

nitrogen uptake is nearly constant and the steep adsorption step at high relative 

pressure (P/P0 = 0.9-1.0) related to the narrow pore size distributions (Khemthong et 

al., 2010).  

The surface areas of zeolite NaY samples are shown in Table 4.1. The 

surface area of zeolite NaY samples is in the range of 789-856 m2/g. Surface area 

increased with decreasing Al content. After paraquat adsorption, the surface areas of 

paraquat adsorbed NaY samples decrease significantly to 23-40 m2/g. This is due to 

the occupation of paraquat molecules in micropore of NaY. 

 

Table 4.1 Si/Al ratio, surface area and total pore volume of NaY and NaY adsorbed 

paraquat samples. 

Adsorbent 

Si/Al 

ratio 

 

 

NaY 
NaY adsorbed 
paraquat 

Surface 

area  

(m2/g) 

Total  

pore  

volume  

(cm3/g) 

Surface 

area  

(m2/g) 

Total 

pore 

volume 

(cm3/g) 

NaY1 (-20% Al) 2.40 789 0.4267 21.4 0.1102 

NaY2 (-10% Al) 2.31 804 0.4485 23.8 0.1460 

NaY3 Normal 2.25 844 0.4639 26.5 0.1673 

NaY4 (+10% Al) 2.19 849 0.4991 28.8 0.1889 

NaY5 (+20% Al) 2.15 856 0.5345 38.6 0.2297 

 

http://www.sciencedirect.com/science/article/pii/S0254058410000180#bib20
http://www.sciencedirect.com/science/article/pii/S0254058410000180#bib20
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Figure 4.1 XRD pattern of (a) NaY with various Si/Al ratio and (b) paraquat adsorbed NaY. 

(220) (311) 

(220) (311) 
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Figure 4.2 Nitrogen adsorption-desorption isotherm of (a) NaY with various Si/Al ratio    

                  and (b) paraquat adsorbed NaY.
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 4.3.3 Morphology 

The morphology of zeolite NaYs with various Si/Al ratio from SEM 

are shown in Figure 4.3. The particles of all zeolite NaY are uniform in size and 

smaller than 1 μm. The particle size of the crystals is approximately 100-200 nm. 

However, the particle size of NaY is smaller with increasing Al content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 TEM images of NaY samples with various Si/Al ratio. 
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 4.3.4 Functional groups 

Figure 4.4 shows FTIR spectra of the NaY and paraquat adsorbed 

NaY. The bands at 900-1200 cm−1 are attributed to asymmetrical stretching vibrations 

corresponding to the tetrahedral Si, Al atoms. The band between 700 and 900 cm−1 is 

assigned to Si-O symmetrical stretching vibrations, while the band appearing at 550 to 

555 cm−1 arises from the presence of structural double D6R rings in the case of 

FAU(Y) zeolite. The band between 465 and 455 cm−1 corresponds to the structure 

insensitive internal tetrahedral bending bond, i.e., T-O4 (T: Si or Al) (Morales-

Pacheco et al., 2011; Lutz, 2014). Paraquat shows characteristic peaks at 3055 and 

3018 cm−1 corresponding to the C-H tension mode of the methyl groups on the 

aromatic ring in the paraquat molecule. Bands between 1641 and 1194 cm−1 are 

attributed to the C-C tension mode and the C-H deformation mode in the aromatic 

ring plane (Brigante and Avena, 2014). After paraquat adsorption, peaks of functional 

groups in paraquat are observed in the spectra of spent NaY samples. Moreover, the 

new peaks are appeared at 1639, 1504, 1459 cm−1 corresponded to the binding 

between the herbicide and NaY zeolite. This binding generates binary surface species 

SiO2-PQ2+, the formation is mainly driven by electrostatic interactions, where 

negatively charged groups of NaY could bind the dication by forming ionic pairs or 

outer-sphere complexes (Brigante and Avena, 2014). Two bands at 3500 cm−1 and 

3732 cm−1 (as shown in Figure 4.4) attribute to silanol nests in the porous matrix and 

both isolate external and internal silanol groups, respectively (Grand et al., 2017). The 

3732 cm−1 band is not observed in NaY1 sample with a lower amount of Al (high 

Si/Al ratio). This evidence confirms that NaY1 is hydrophobic.  
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Figure 4.4 Nitrogen adsorption-desorption isotherm of (a) NaY with various Si/Al ratio  

                  and (b) paraquat adsorbed NaY. 
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 4.3.5 Basicity of NaY 

The CO2-TPD profiles of NaY samples are shown in Figure 4.5. All 

NaY samples show one peak between 190 and 370 °C contributing to a weak basicity 

(Rakmae et al., 2016). The basicity of NaY samples is summarized in Table 4.2. 

NaY1 with the higher Si/Al ratio (lower Al content) has the highest basicity. 

 

Table 4.2 Basicity amount of NaY samples. 

 

Adsorbent 

Basicity amount (mmol/g) 

100-200 °C 200-400 °C 400-600 °C Total 

NaY1 (-20% Al) 0.030 0.210 0.034 0.274 

NaY2 (-10% Al) 0.018 0.202 0.032 0.252 

NaY3 Normal 0.013 0.180 0.029 0.222 

NaY4 (+10% Al) 0.012 0.175 0.025 0.212 

NaY5 (+20% Al) 0.010 0.158 0.024 0.192 
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Figure 4.5 TCD signal of NaY with various Si/Al.   

 

4.4 Paraquat adsorption 

 The amount of paraquat adsorbed on all zeolite NaY adsorbents at various 

equilibrium concentrations are shown in Figure 4.6. The amount of paraquat adsorbed 

on all NaY adsorbents increases sharply at very low equilibrium concentrations 

implying that paraquat adsorption on these adsorbents are chemisorption. The 

isotherms of paraquat adsorbed on NaY samples based on Giles classification are 

class H (high affinity) sub-group 2 which is a strong adsorption (Giles et al., 1960). 

The adsorption curve tends to be a plateau indicating a formation of paraquat 

monolayer on the adsorbent surface. The similar adsorption behavior is reported on 

zeolite NaY (Rongchapo et al., 2013) and zeolite NaX (Rongchapo et al., 2015).  
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Figure 4.6 Adsorption isotherm of paraquat on Mt and modified Mt samples. 

 

The amount of paraquat adsorbed is different at high paraquat concentration. 

This maybe because paraquat adsorbs on NaY by ion exchange with Na+ according to 

XRD results, the I(220)/I(311) changed after paraquat adsorption (Rongchapo et al., 

2017). Moreover, paraquat probably adsorbs by hydrophobic adsorption. Osakoo et 

al., (2017) propose that C and N atoms in paraquat molecules interacted with oxygen 

atom on NaY-SBA-15 composite.  

The adsorption of paraquat on NaY samples follows Langmuir isotherms 

indicating a monolayer adsorption. The Langmuir parameters are summarized in 

Table 4.3. The adsorption of paraquat on NaY1 had the highest KL values indicate 

that the highest affinity of paraquat molecules to the binding sites (Giles et al., 1960). 

The maximum adsorption capacity (qm) of the adsorbents on NaY1 with the lower Al 
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content is the highest (233 mg/g-adsorbent) followed by NaY2, NaY3, NaY4 and 

NaY5. Although NaY1 has the lowest surface area, it has the highest adsorption 

capacity. Paraquat dication could ion exchange with cation of zeolite (Rongchapo et 

al., 2013). The exchange capacity depends on Si/Al ratio. When an Al atom is present 

in the zeolite framework, a negative charge is generated and the balancing cation is 

required. However, the lower aluminium content has the highest capacity. The result 

may be because the high basicity of NaY1. This corresponded to the effect of pH on 

paraquat adsorption. The lower amount adsorbed at the lower pH indicates a 

competition between proton and paraquat to the adsorption sites. A similar effect is 

reported on adsorption of paraquat on silica (Brigante and Avena, 2014). Another 

reason may be the high hydrophobicity of NaY1. This similar behavior is reported on 

NaY/SBA-15 composite (Osakoo et al., 2017). 

 

Table 4.3 Langmuir parameters of paraquat adsorption on NaY with various Si/Al ratio. 

 

 

 

Adsorbent 

Langmuir parameters 

qm  

(mg/g) 

KL 

(L/mg) 
R2 

NaY1 (-20% Al) 233 0.0462 0.9771 

NaY2 (-10% Al) 227 0.0445 0.9760 

NaY3 Normal 222 0.0435 0.9721 

NaY4 (+10% Al) 213 0.0438 0.9724 

NaY5 (+20% Al) 208 0.0423 0.9696 
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4.5 Conclusions 

High purity of FAU Y is successfully synthesized from rice husk silica by 

using hydrothermal method. Si/Al ratio of the obtained FAU zeolites is in the range of 

2.1-2.4 and particle sizes of 100-300 nm. The surface areas of zeolite NaY samples 

are between 789 and 856 m2/g. The highest Si/Al ratio (lower Al content) of FAU 

sample has the highest basicity (0.274 mmol/g). All FAU samples can be used as 

adsorbents for paraquat. The adsorption of paraquat on NaY samples follows 

Langmuir isotherm. The capacity of the adsorbents is in the range of 210-240 mg/g-

adsorbent. FAU sample with the Si/Al ratio 2.4 has the higher adsorption capacity. 

The surface areas of the FAU samples decrease from about 800 to about 30 m2/g 

indicating that paraquat adsorbs in the cavity of the zeolite.  
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CHAPTER V 

EFFECT OF ALUMINIUM SOURCE AND WATER 

CONTENT ON TEXURAL PROPERTY AND 

MORPHOLOGY OF FAUJASITE NANOZEOLITE  

 

 

Abstract  

The objective of this study is to synthesize FAU type zeolite by hydrothermal 

method with different aluminium source and amount of water. The particle size of 

FAU crystals synthesized from sodium aluminate is smaller than that from aluminium 

powder. Moreover, the smaller size is produced from the synthesis with less water 

content. Nano-sized FAU crystals are obtained from the synthesis with sodium 

aluminate but with the presence of GIS impurity. Thus, further syntheses with sodium 

aluminate are performed using different amount of water. The amount of water is 

increased in the following order: Y1-180 > Y1-140 > Y1-92. The SEM images of the 

FAU samples show that Y1-140 and Y1-92 have nano-sized crystals. However, the 

XRD patterns indicate that only Y1-140 nanocrystals have pure FAU phase with Si/Al 

ratio of 1.64, surface area of 701 m2/g and micropore volume of 0.30 cm3/g. 
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5.1 Introduction 

FAU zeolite has a unit structure containing sodalite cages which arrange to 

form supercages (11.0 x 13.0 Å) with large pore (7.4 x 7.4 Å).  FAU zeolites have 

high potential for various applications such as catalysis, sensing, ion exchange, and 

absorption for separation of various chemical species (Rasouli et al., 2012; Sharma, 

2015; Nakrani et al., 2017). The potential FAU zeolite can be improved by decreasing 

the crystal to nano-size.  The smaller size decreases diffusion path lengths, increases 

external surface area and increases surface reactivity (Nakrani et al., 2017).  

Nanocrystalline FAU is nanosized crystals with a large pore volume, external 

surface area with high external surface acid sites.  It shows a high activity and good 

stability (Rasouli et al., 2012; Awala et al., 2015). There are several parameters in the 

synthesis of nanocrystalline zeolites, for example the silica source, directing agent 

organic structure, gel composition, reaction temperature, aging time and 

crystallization time (Mintova and Valtchev, 1999; Morales-Pacheco et al., 2011; 

Mintova and Ng, 2013).  

Mintova et al. (1999, 2003) synthesized colloidal crystals of FAU zeolites 

with a mean crystal size between 40 to about 80 nm using 15-crown-5 ether as a co-

template. Holmberg et al. (2003, 2004) reported the synthesis of small FAU using 

tetramethylammonium bromide (TMABr) as a co-template to produce the crystals 

with mean diameter of 32-120 nm. Li et al. (2002) studied nucleation and crystal 

growth kinetics of nanosized FAU crystallites from clear solutions. The influence of 

the growth limiting nutrient (Na+) on the crystallization process is observed. Valtchev 

and Bozhilov (2004) also studied the formation of FAU zeolites at room temperature 

using electron microscope. Song et al. (2005) synthesized nanocrystalline FAU Y 
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with crystal sizes of 23 and 50 nm. Larsen (2007) reported the synthesis, 

characterization and applications of FAU Y zeolites with crystal sizes of 50 nm. 

Morales-Pacheco et al. (2011) reported the synthesis of FAU zeolite nanocrystals 

from clear solutions using tetramethylammonium hydroxide and 

tetramethylammonium bromide as templates. The mean crystal sizes between 20 and 

40 nm are obtained. The presence of Brønsted and Lewis acid sites on the surface of 

nanocrystalline FAU zeolite relates to the zeolite structure, structural aluminum 

content and pore diameters. Awala et al. (2015) reported the synthesis of FAU Y 

nanocrystals by hydrothermal method with the nucleation of nanosized FAU 

crystallites from clear solutions at low crystallization temperature. The obtained FAU 

nanozeolite showed the nanocrystal sizes between 10-50 nm with a narrow particle 

size distribution, high crystalline yields (above 80%), micropore volumes (0.30 

cm3/g) comparing to micrometre-sized crystals, Si/Al ratios of 2.1 and excellent 

thermal stability. These properties indicated the many potential applications in areas 

of catalysis, separation, environmental remediation, decontamination and drug 

delivery (Awala et al., 2015). 

In Chapter IV, zeolite FAU (NaY) is synthesized with various Si/Al (2.15-

2.40). The crystalline sizes are ranged from 200 to 500 nm which are not yet 

considered nanosized (<100 nm). The impact of the particle size over the 

physicochemical properties become more pronounced when the crystallites are 

smaller than 50 nm and even below 30 nm (Mintova et al., 2016). Small crystals 

exhibit greater catalytic activity because their relatively small size allows a faster 

diffusion of reactants into the catalyst (Salou et al., 2001). Therefore, the purpose of 

this work is to explore the synthesis of nanosized FAU Y zeolite. The synthesis of 



 

90 

FAU Y is performed using different aluminium sources including aluminium powder 

and sodium aluminate. The influence of water contents is also studied.  

 

5.2 Experiment 

 5.2.1  Synthesis of Y1-140 and Y1-180 

FAU Y zeolites are synthesized by varying water content in gel 

composition to 140H2O and 180H2O.  The obtained samples are named Y1-140 and 

Y1-180, respectively. The gel molar compositions of Y1-140 and Y1-180 are as 

follows : 

The sample Y1-140 is prepared from a turbid precursor suspension 

with the following chemical composition: 7Na2O : 0.8Al2O3 : 10SiO2 : 140H2O. 

The sample Y1-180 is synthesized from a clear precursor suspension 

with a molar composition: 7Na2O : 0.8Al2O3 : 10SiO2 : 180H2O. 

FAU Y zeolite with different aluminium sources and amounts of water 

is synthesized by hydrothermal method according to Awala et al. (2016). The starting 

mixtures are synthesized from solution A (sodium aluminate solution) and solution B 

(sodium silicate solution). Amounts of materials for the synthesis of FAU Y using the 

different amounts of water with aluminium powder and sodium aluminate as 

aluminium sources are shown in Table 5.1 and 5.2, respectively.  
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Table 5.1 Amounts of materials for the synthesis of FAU Y (Y1-180 and Y1-140) with 

aluminium powder. 

Materials Y1-140 Y1-180 

Solution A (NaAl2O3)   

NaOH 2.17 2.17 

H2O 4.70 7.67 

Aluminium powder 0.24 0.24 

Solution B (Na2SiO3)   

NaOH 0.95 0.95 

H2O 1.57 2.53 

Ludox HS-40 11.11 11.11 

 

 

Table 5.2 Amounts of materials for the synthesis of FAU Y (Y1-180 and Y1-140) with 

sodium aluminate (NaAlO2). 

Materials Y1-140 Y1-180 

Solution A (NaAl2O3)   

NaOH 2.00 2.00 

H2O 4.67 7.67 

NaAlO2 0.81 0.81 

Solution B (Na2SiO3)   

NaOH 0.88 0.88 

H2O 1.56 2.56 

Ludox HS-40 11.11 11.11 
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 5.2.2  Synthesis of Y1-180 and Y1-140 using aluminium powder 

FAU Y zeolites (Y1-180 and Y1-140 using aluminium powder) are 

synthesized as follows: initially, solution A is prepared by dissolving aluminium 

powder (325 mesh, 99.5%, Alfa Aesar) in sodium hydroxide (97%, Sigma-Aldrich) 

and double distilled (DD) H2O, slowly added of aluminium powder. The mixture is 

stirred until clear (3 h). Solution B is prepared by dissolving Ludox HS-40 (40 wt. % 

SiO2, pH=9.8, Aldrich) in sodium hydroxide and DD H2O. A turbid solution is 

obtained after shaking. In order to get clear suspension, the container is placed in an 

oven at 90 °C for 5-10 min. 

 5.2.3  Synthesis of Y1-180 and Y1-140 using sodium aluminate 

FAU Y zeolites (Y1-180 and Y1-140 using sodium aluminate) are 

synthesized as follows: initially, solution A is prepared by dissolving sodium 

aluminate (Al2O3 ~ 50-56 wt. %, Na2O ~ 40-45 wt. %, Aldrich) in sodium hydroxide 

and DD H2O. The mixture is stirred until clear (1 h). Solution B is prepared by 

dissolving Ludox HS-40 in sodium hydroxide and DD H2O. A turbid solution is 

obtained after shaking. In order to get clear suspension, the container is placed in an 

oven at 90 °C for 5-10 min. 

5.2.4 Aging and crystallization 

Solution A is added drop wise under vigorously stirring to the solution 

B, during the mixing, solution B is kept in ice. The resulting clear suspension of Y1-

180 and Y1-140 is aged by shaking for 48 h at room temperature. Hydrothermal 

crystallization is performed at 90 °C for rapid crystallization time of 4 h. The solid 

products from all syntheses are recovered by centrifugation (20,000 rpm for 20 min) 

followed by dispersion in double distilled water, this procedure is repeated several 
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times until the final colloidal suspensions reached pH of 7 and then freeze-dried prior 

further characterization.  

 

5.3 Characterization 

5.3.1 X-ray diffraction (XRD) analysis  

Powder samples are analyzed using a PANalytical X'Pert Pro 

diffractometer with CuKα monochromatized radiation (λ = 1.5418 Å). The samples 

are scanned in the range 3-50° 2θ with a step size of 0.02°. 

5.3.2 N2 adsorption-desorption analysis  

Nitrogen adsorption-desorption isotherms are obtained from a 

Micromeritics ASAP 2020 volumetric adsorption analyzer. Samples are degassed at 

250 °C under vacuum overnight prior to the measurement. The external surface area 

and micropore volume are estimated by alpha-plot method using Silica-1000 (22.1 

m2g-1 assumed) as a reference. The micropore and mesopore size distributions of 

solids are extracted from adsorption branch by the Nonlocal Density Functional 

Theory (NLDFT) and from the desorption branch using the Barret-Joyner-Halenda 

(BJH) algorithm, respectively. 

5.3.3 Scanning electron microscopy (SEM) 

Solid samples are dispersed on carbon tape and then all samples are 

coated with Pt. The morphology of solids is determined by a Scanning electron 

microscopy (SEM) using a MIRA LMH operated at 30 kV.   

5.3.4 Dynamic light scattering (DLS) analysis 

The hydrodynamic diameters of the FAU Y nanoparticles in the 

suspensions are determined with a Malvern Zetasizer Nano. The analyses are 
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performed on samples after purification with a solid concentration of 10 wt.% at 

pH=8. The back scattering geometry (scattering angle 173°, HeNe laser with 3 mW 

output power at 632.8 nm wavelength) allows measurements at high sample 

concentration, since a complete penetration of the incident light through the sample is 

not required. 

5.3.5 Chemical analysis 

The chemical composition of the FAU samples is determined 

by inductively coupled plasma (ICP) optical emission spectroscopy using a Varian 

ICP-OES 720-ES. The samples are prepared by acid digestion method and then 

diluted to a final volume of 100 mL. 

 

5.4 Results and discussion 

5.4.1 Phase and crystallinity of FAU Y with different aluminium sources 

The X-ray diffraction (XRD) patterns of FAU Y zeolites (Y1-180-

Alpowder, Y1-180-NaAlO2, Y1-140-Alpowder and Y1-140-NaAlO2) are shown in 

Figure 5.1-5.2. All samples show the peaks corresponding to the pure FAU. Sharper 

peaks of Y1-180-Alpowder and Y1-180-NaAlO2 illustrated the increase size of its 

individual particles. Y1-140-Alpowder and Y1-140-NaAlO2 exhibit broad peaks with 

intensities similar to micrometre-sized crystals (Awala et al., 2015). The highest 

intensity of Y1-180-Alpowder corresponded to high crystallinity (as shown in Figure 

5.1). Crystallinity of FAU Y samples depends on the type of aluminium source. This 

may be attributed to the different reactivities of the Al species in the gels formed 

toward bonding with Si species during the gelation process (Reddy and Song, 1996). 

In comparison between Y1-180 and Y1-140 with different amounts of water, the 
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intensity of Y1-180 with high amount of water is higher than that of Y1-140 

indicating that crystallinity of FAU Y samples is also depended on water content. This 

is because the addition of water to the synthetic system affects the solubility of 

aluminium source and the hydrolysis of inorganic species (Xu et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.1 XRD patterns of FAU Y samples with the same scale to compare crystallinity. 
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Figure 5.2 XRD pattern of Y1-180 and Y1-140 with different aluminium sources. 
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 5.4.2 Morphology of FAU Y nanozeolites    

  The morphology of the FAU Y crystals from SEM is shown in Figure 

5.3A-5.3D. The synthesized FAU Y samples have different crystal morphologies. The 

smallest crystalline sizes are observed for Y1-140-NaAlO2 sample. The sizes are 

ranged of 50-100 nm with rectangular and sphere crystalline crystals of FAU Y 

particles. While Y1-140-Alpowder with different aluminium source, crystalline sizes 

are bigger than those of Y1-140-NaAlO2. The sizes are between 100 and 300 nm with 

the same shapes of crystalline crystals. FAU zeolite synthesized using sodium 

aluminate has a smaller crystalline size than that of aluminium powder. This is 

because the acidic radical of aluminum source affects the crystallization (Aly et al., 

2011). Similar behavior is also reported on the synthesis of ZSM-5 zeolite by using 

sodium aluminate, aluminum chloride and aluminum nitrate as aluminium sources. 

The average crystalline size is in the order: sodium aluminate (78.56 nm) < aluminum 

nitrate (104.87 nm) < aluminum chloride (112.3 nm) (Aly et al., 2011). 
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Figure 5.3 SEM images of Y1-180 and Y1-140 with different aluminium sources  

                  (A) Y1-180-Alpowder, (B) Y1-180-NaAlO2,  (C) Y1-140-Alpowder  

                  and (D) Y1-140-NaAlO2. 
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With increasing amount of water in the synthesis of FAU Y zeolite, 

crystalline sizes of Y1-180-Alpowder and Y1-180-NaAlO2 are bigger than those of 

Y1-140-Alpowder and Y1-140-NaAlO2. The highly aggregation from rectangular 

shape to spherical shape of Y1-180-Alpowder and Y1-180-NaAlO2 crystals is 

observed. This is because the degree of dilution is increased, crystal size rises and 

aggregates become increasingly numerous. The product obtained from the most 

diluted mixture contained primarily crystal aggregates (Mostowicz and Berak, 1985). 

This behavior is similar to the formation of larger zeolite crystals (400 nm) with high 

water content of the synthesis FAU nanozeolite (Awala et al., 2015). The crystal sizes 

are in the range from 300 to 500 nm. The size of the crystals corresponded with the 

dynamic light scattering (DLS) results are shown in Figure 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 DLS curves of Y1-180 and Y1-140 with different aluminium sources. 
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5.4.3 N2 adsorption-desorption isotherms of FAU Y zeolite 

Nitrogen adsorption-desorption isotherms of FAU Y samples are 

shown in Figure 5.5. Y1-180-Alpowder and Y1-180-NaAlO2 exhibit a Type I 

isotherms with a sharp uptake at low relative pressures followed by horizontal 

adsorption and desorption branches. In contrast, samples Y1-140-Alpowder and Y1-

140-NaAlO2 showed a mix of Type I and IV isotherms with a H1-type hysteresis. 

This characteristic corresponded with textural pores formed by the close packing of 

monodispersed and well-shaped nanosized crystallites (Awala et al., 2015). The total 

pore volumes for samples Y1-140-Alpowder and Y1-140-NaAlO2 is 0.47 and 0.53 

cm3/g (as shown in Table 5.3), respectively, while sample Y1-180-Alpowder and Y1-

180-NaAlO2 have total pore volume of 0.37 and 0.43 cm3/g, respectively. 

The difference in total pore volume is due to the decrease in particle 

size from 500 nm to 50 nm. The high micropore volume (0.30 cm3/g) of Y1-140-

NaAlO2 with the smallest nanocrystals is similar to template-free nanosized faujasite-

type (Awala et al., 2015). Moreover, Y1-140-NaAlO2 with the smallest nanocrystals 

has a high external surface area of 138 m2/g. The external surface areas of Y1-180-

NaAlO2, Y1-180-Alpowder and Y1-140-Alpowder are 106, 84 and 43 m2/g, 

respectively. High external surface area of synthesized FAU Y using sodium 

aluminate with low water content is observed. 
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Figure 5.5 N2 adsorption-desorption isotherm of Y1-180 and Y1-140 with different 

aluminium sources. 

 

Table 5.3 Textural properties of Y1-180 and Y1-140 with different aluminium 

sources. 

FAU Y 

Surface 

area  

(m2/g) 

Micropore 

area 

(m2/g) 

External 

surface 

area 

(m2/g ) 

Micropore 

volume 

(cm3/g) 

Total 

pore 

volume 

( cm3/g ) 

Y1-180-Alpowder 654 570 84 0.30 0.37 

Y1-180-NaAlO2 713 607 106 0.31 0.43 

Y1-140-Alpowder 690 647 43 0.32 0.47 

Y1-140-NaAlO2 701 563 138 0.30 0.53 
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5.4.4 Chemical composition of FAU Y zeolite 

 The chemical composition by ICP analysis of Y1-180 and Y1-140 

synthesized using aluminium powder and sodium aluminate summarized in Table 5.4. 

The ICP analysis of samples Y1-180-Alpowder, Y1-180-NaAlO2 Y1-140-Alpowder 

and Y1-140-NaAlO2 revealed that the elemental composition of FAU Y zeolites is not 

significant difference from those of FAU Y zeolites. The Si/Al ratio of Y1-180 and 

Y1-140 with different aluminium sources is in the range from 1.69 to 1.74. 

 

Table 5.4 Chemical composition of Y1-180 and Y1-140 with different aluminium 

sources. 

 

5.4.5 Optimization of water content for FAU Y synthesis 

 As the synthesis FAU Y zeolite using of aluminium powder and 

sodium aluminate as aluminium sources with different amounts of water (180H2O and 

140H2O in gel composition), the synthesized FAU Y using sodium aluminate with 

low water content (140H2O) had the smallest nanosized crystals (50-100 nm) with 

high total pore volume and external surface area. In order to obtain the nanosized 

crystals smaller than 50-100 nm, the synthesis of FAU Y using sodium aluminate and 

FAU Y 

Atomic (%) 

Si/Al 

Na Si Al 

Y1-180-Alpowder 9.93 21.59 12.43 1.74 

Y1-180-NaAlO2 11.10 23.88 13.99 1.71 

Y1-140-Alpowder 12.44 26.84 15.53 1.73 

Y1-140-NaAlO2 11.75 23.76 14.53 1.69 
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lower amount of water (92H2O in gel composition) is studied. Y1-180 and Y1-140 

samples show the diffraction peaks corresponding to pure FAU Y (Figure 5.6). While 

Y1-92 show additional peaks corresponding to GIS type zeolite. The phase 

transformation is due to the lower amount of water for FAU Y synthesis. This result 

suggests that crystallization rate is very fast thus GIS type zeolite is formed. This 

could be attributed to the low water content in the synthesis accelerated the growth of 

zeolite crystals (Shirazian et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 XRD patterns of Y1-180, Y1-140 and Y1-92 using sodium aluminate. 
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  As seen from the SEM images (Figure 5.7), Y1-92 show the smallest 

crystal sizes in the range from 50 to 100 nm with rectangular shape. However, the 

crystal sizes and the shape of Y1-92 are similar to those of Y1-140. Therefore, these 

observations could be summarized that the optimum water content for FAU Y 

synthesis using sodium aluminate is 140H2O.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 SEM images of Y1-180, Y1-140 and Y1-92 using sodium aluminate. 
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5.5 Conclusions 

 The effect of aluminium sources (aluminium powder and sodium aluminate) 

and water contents on the textural properties and morphologies of FAU Y nanozeolite 

is investigated. FAU Y nanozeolite is successfully synthesized using hydrothermal 

method with the rapid crystallization time of 4 h. The smallest crystalline sizes are 

observed for Y1-140-NaAlO2 sample (synthesis using sodium aluminate with lower 

content of water). The sizes are ranged of 50-100 nm with rectangular and sphere 

crystalline crystals of FAU Y particles. The nanocrystals showed the porosity with 

highly crystalline FAU type zeolites. The Si/Al ratio of Y1-180 and Y1-140 with 

different aluminium sources is in the range from 1.69 to 1.74. With decreasing water 

content to 92H2O, FAU Y zeolite is transformed to GIS-type zeolite. The optimum 

water content for the synthesis of FAU Y using sodium aluminate is 140H2O. 
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CHAPTER VI 

INCORPORATION OF VANADIUM IN FAUJASITE 

NANOZEOLITE 

 

Abstract  

The objective of this study is to synthesize nanosized FAU zeolites 

incorporated with vanadium (V-FAU) using the one-pot hydrothermal method with 

various water contents. The effect of water contents on the size, morphology and 

crystallinity of V-FAU nanocrystallines is investigated. The crystallization time is 

also optimized. The synthesized zeolite nanoparticles are characterized by X-ray 

powder diffraction (XRD), scanning electron microscope (SEM), transmission 

electron microscope (TEM), dynamic light scattering (DLS) analysis, Inductively-

coupled plasma spectroscopy (ICP). Acidity of V-FAU samples is investigated by 

Fourier transform infrared spectroscopy (FTIR) using pyridine as a probe molecule. 

V-FAU with a high crystallinity and pure phase is obtained from the crystallization 

time of 6 h. Crystalline shapes and sizes of V-FAU zeolite particles with various 

water contents are different. V-FAU from the synthesis gel with high water content 

exhibits characteristic rectangular shape of crystals around 100-300 nm. In contrast, 

V-FAU from the synthesis gel with lower water content shows spherical shape of 

zeolite crystals with the crystalline sizes of 500 nm. The V-FAU samples have 

specific surface area ranging from 550 to 686 m2/g and micropore volume of 0.30 
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cm3/g. The Si/Al ratio of V-FAU samples is ranged from 1.56 to 1.79. Vanadium is 

detected in all V-FAU samples and the incorporation in FAU structure is confirmed 

by DR UV-Vis spectroscopy. The number of acid sites, Brønsted site and Lewis sites 

of V-HY are higher than that of HY. The higher of acidity of V-HY zeolite is 

beneficial as a catalyst for reactions. 

 

6.1 Introduction 

 Vanadium-incorporated zeolites are used as selective oxidation catalysts. The 

activity and selectivity of vanadium containing zeolite are sensitive to the nature of 

vanadium species in the zeolites including oxidation state, coordination, dispersion 

(Roozeboom et al., 1980; Went et al., 1990; Das et al., 1993; Whittington and 

Anderson, 1993; Chao et al., 1997; Teixeira-Neto et al., 2009). Zeolite containing 

vanadium provides desired redox properties, structural and shape selective properties. 

Microporous crystalline zeolites have high thermal stabilities, high surface areas and 

pore volumes. In addition, the acidity could be controlled (Chao et al., 1997; Teixeira-

Neto et al., 2009).  

Teixeira-Neto et al. (2009) reviewed the preparation methods for the 

incorporation of vanadium into zeolite such as ion-exchange, impregnation, chemical 

vapor deposition and one-pot hydrothermal synthesis. For ion-exchange method, 

protons or sodium ions are exchanged with vanadyl cations, VO2+. However, low pH 

values lead to a competition between H+ and VO2+ ions, which may cause the 

incorporation of limited vanadium amounts. Thus, impregnation method is another 

choice to introduce vanadium. However, this method may lead to an aggregation of 

V2O5. For chemical vapor deposition method, the vanadium species are vaporized at 
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high temperature and deposited on zeolite surfaces but this method lead to a poor 

dispersion at the external surface. The most employed preparation method is one-pot 

synthesis in which a vanadium source such as V2O5, VOSO4 is introduced to the 

synthesis gel to form vanadosilicate. Vanadium incorporated zeolites prepared by 

one-pot synthesis are still the best method which can compromise between vanadium 

concentration and metal dispersion (Teixeira-Neto et al., 2009). 

 The most studied zeolite prepared by one-pot synthesis is ZSM-5 (Centi et al., 

1992). Many techniques, including 51V nuclear magnetic resonance (NMR), X ray 

photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR) and 

diffuse reflectance UV-visible spectroscopy (DR-UV-Vis) are used to propose a 

model of the coordination vanadium sites in the zeolite structure. Kim et al. (1997) 

reported the incorporation of vanadium into ZSM-5, MOR and FAU Y zeolites by 

using one-pot hydrothermal method. The substitution of vanadium into the zeolite 

framework structure could be applied to the large pore zeolites and the vanadium 

containing zeolites had selective catalytic properties in various oxidation reactions. 

However, the crystalline sizes of vanadium containing zeolites are ranged from 5 to 

10 μm.  

 Faujasite (FAU) zeolite is one of the most promising materials because of its 

well-defined channels making a large supercage (11.0 × 13.0 Å) with a large pore size 

(7.4 × 7.4 Å), large surface area, and excellent thermal stability. From these 

properties, FAU zeolite can be used in many applications such as ion exchange, 

adsorption, catalysis and membrane separation (Mintova and Valtchev, 1999; Nakrani 

et al., 2016; Dang et al., 2017).  



 

112 

FAU zeolites with nanocrystalline are have potential properties including 

small crystallites between 10-50 nm with a narrow particle size distribution, high 

micropore volumes (0.30 cm3/g) and excellent thermal stability leading to increase the 

catalytic performance (Awala et al., 2015). Moreover, nanocrystalline FAU zeolites 

are synthesized using hydrothermal method without template. Nanocrystalline FAU 

zeolite has larger pore volume, more external surface area with containing high 

external surface acid sites and it exhibits high activity and stability (Rasouli et al., 

2012; Awala et al., 2015).  

The purpose of this study is to adapt the hydrothermal synthesis from Awala et 

al. (2015) by incorporating of vanadium into FAU zeolite to get nanosizes. However, 

Chapter V, the synthesis of FAU nanozeolite is optimized. Water content in the 

synthesis gel has an influence on crystalline size. The low water content decreases a 

crystallization rate leading to small zeolite crystals. The nanosized crystals of FAU Y 

zeolite are obtained from the synthesis using low water content. However, phase 

transformation of FAU Y zeolite to GIS-type zeolite is observed from the synthesis 

using low water content (92H2O). Therefore, the synthesis of V incorporation on FAU 

Y zeolite is conducted by varying water contents to obtain nanosized crystals. In order 

to get the small crystals of FAU nanozeolite with the incorporation of V, sodium 

aluminate is selected as an alumina source. An influence from the amount of water is 

also studied. Moreover, the existence of vanadium in FAU nanozeolite is analyzed by 

using ICP. The coordination of vanadium is determined using DR UV-Vis 

spectroscopy. 
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6.2 Experimental 

 6.2.1  Synthesis of V-Y83, V-Y90 and V-Y100 

FAU Y zeolites with incorporation of vanadium are synthesized by 

varying water content in gel composition, namely, 83H2O, 92H2O and 100H2O.  The 

samples from those syntheses are named V-Y83, V-Y90 and V-Y100, respectively. 

Firstly, solution A, different water contents as shown in Table 6.1, is prepared by 

dissolving sodium aluminate (Al2O3 ~ 50-56 wt. %, Na2O ~ 40-45 wt. %, Aldrich) and 

sodium vanadate (99.9 wt. %, Aldrich) in double-distilled H2O. The mixture is stirred 

until a clear solution is obtained. Solution B is prepared by dissolving Ludox HS-40 

(40 wt. % SiO2, pH=9.8, Aldrich) in sodium hydroxide (97 %, Sigma-Aldrich). A 

liquid solution is obtained after shaking and stirring for 5 min.  

Solution A is added drop wise under a vigorously stirring to the 

solution B. The resulting clear suspension of V-Y83, V-Y90 and V-Y100 is aged by 

shaking for 48 h at room temperature. Hydrothermal crystallization is performed at 90 °C 

for 6 h. The solid products from all syntheses are recovered by centrifugation (20,000 

rpm for 20 min) followed by dispersion in double distilled water. This procedure is 

repeated several times until pH of the final colloidal suspensions is 7 and then freeze-

dried prior further characterization. 

The gel molar composition of V incorporated FAU zeolite shown below : 

V-Y83: 7Na2O : 0.8Al2O3 : 10SiO2 : 0.2NaVO3 : 83H2O 

V-Y92: 7Na2O : 0.8Al2O3 : 10SiO2 : 0.2NaVO3 : 92H2O 

V-Y100: 7Na2O : 0.8Al2O3 : 10SiO2 : 0.2NaVO3 : 100H2O 
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The starting mixtures are prepared from solution A (sodium aluminate and sodium 

vanadate solution) and solution B (sodium silicate solution). Amount of each 

component for the synthesis of FAU Y is shown in Table 6.1.  

 

Table 6.1 Amount of materials in gram for the synthesis of V incorporated FAU Y 

zeolite with various water contents 

Materials V83 Y92 V100 

Solution A    

NaVO3 0.16 0.16 0.16 

NaAlO2 1.03 1.03 1.03 

H2O 4.00 5.00 6.00 

Solution B    

NaOH 3.37 3.37 3.37 

Ludox HS-40 10.00 10.00 10.00 

 

 

6.3 Characterization 

6.3.1 X-ray diffraction (XRD) analysis  

Powder samples are analyzed using a PANalytical X'Pert Pro 

diffractometer with CuKα monochromatized radiation (λ = 1.5418 Å). The samples 

are scanned in the 2θ range of 3-50° with a step size of 0.02°. 

6.3.2 N2 adsorption-desorption analysis  

Nitrogen adsorption-desorption isotherms are obtained using 

Micromeritics ASAP 2020 volumetric adsorption analyzer. Samples are degassed at 

250 °C under vacuum overnight prior to the measurement. The external surface area 

and micropore volume are estimated by alpha-plot method using Silica-1000 (22.1 
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m2/g assumed) as a reference. The micropore and mesopore size distributions of 

solids are extracted from adsorption branch by the Nonlocal Density Functional 

Theory (NLDFT) and from the desorption branch using the Barret-Joyner-Halenda 

(BJH) algorithm, respectively. 

6.3.3 Scanning electron microscopy (SEM) 

Morphology of solids is studied by SEM using a MIRA LMH operated 

at 30 kV. Solid samples are dispersed on carbon tape coated with Pt.  

6.3.4 Transmission electron microscopy (TEM) 

The crystal sizes of V-FAU zeolite are determined by TEM using a 

JEOL 2010 FEG and a FEI LaB6 TECNAI G230UT operated at 200 kV and 300 kV, 

respectively. Diluted colloidal suspensions of FAU nanomaterials are sonicated for 15 

min and then 2-3 drops of fine particle suspensions are dried on carbon-film-covered 

300-mesh copper electron microscope grids.  

6.3.5 Chemical analysis 

The chemical composition of the FAU samples is determined 

by inductively coupled plasma (ICP) optical emission spectroscopy using a Varian 

ICP-OES 720-ES. The samples are prepared by acid digestion method and then 

diluted to a final volume of 100 mL. 

6.3.6 Pyridine adsorption 

The Brønsted and Lewis acidities of the samples are measured by 

pyridine adsorption using in-situ IR spectroscopy. Prior to pyridine 

adsorption/desorption measurements V-FAU and FAU nanosized samples are 

transformed to proton form by ion-exchange with a solution of 0.2 M of NH4Cl (1 h at 
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25 °C). This procedure is repeated twice and then the solutions are purified by two-

step centrifugation, washed with H2O and calcined at 370 °C.  

FTIR spectrum of the V-FAU and FAU samples is obtained using KBr 

dilution and fine KBr powder as a reference. To analyze acidity, sample is heat treated 

at 350 °C for 4 h and cooled to room temperature. Pyridine adsorption is performed at 

room temperature and then evacuated for 15 min at the 150 °C and before recording 

the spectrum. The desorption of the probe molecule is successively monitored 

stepwise, by evacuating the sample for 10 min at room temperature, 50, 100, 150, 

200, 250, 300 and 350 °C and cooling to room temperature between each step, to 

record the spectrum. According to Emeis (1993), Zhang et al. (2012) and Jia et al., 

(2017) the density and concentration of acid sites on three catalysts are calculated by 

the following equations, 

CL = (π/IMECL) × (r2/w) × A1450              (6.1) 

CB = (π/IMECB) × (r2/w) × A1540              (6.2) 

where CL and CB (μmol/g) are the concentration of L and B acid sites; A1450 and 

A1540 is integrated areas of bands at 1450 and 1545 cm−1; π/IMECL and π/IMECB 

are integration molar extinction coefficients, 2.22 and 1.67 cm/μmol, respectively, r 

(cm) is the sample radius, and w (g) is the sample weight. 

6.3.7 Diffuse reflectance (DR) UV-Vis spectroscopy 

 The coordination of vanadium in FAU zeolite is analyzed using DR 

UV-Vis spectroscopy. The spectra are recorded by a Cary 300 instrument. The 

powders are filled in a hole of a sample holder (3 mm in diameter and 2 mm deep), 

and pressed to get the smoothed surface.  
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6.4 Results and discussion 

6.4.1 Phase and crystallinity of V-FAU  

XRD patterns of V-FAU zeolites synthesized with different water 

content (V-Y83, V-Y92 and V-Y100) are shown in Figure 6.1-6.2. All samples 

showed similar patterns, characteristic of FAU phase with sharp peaks indicating high 

crystallinity. In comparison to FAU sample (Figure 6.1), the diffraction patterns of 

samples do not show any peaks of impurity phase.  In addition, there are no peak 

shifts.  The results indicate that the pure FAU is obtained. The cubic unit cell 

parameter is estimated to be 24.832 Å (as shown in Figure 6.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6.1 XRD patterns of V-Y83, V-Y92, V-Y100 comparing to NaY. 
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Figure 6.2 XRD patterns of V-FAU synthesized from the gels with different water 

content. 
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Figure 6.3 Pattern fitting (Le Bail method) of V-Y92. Vertical ticks correspond to 

line indexing of the FAU phase. Difference plots between calculated and 

experimental points are shown at the bottom of the pattern. 
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6.4.2 Morphology of V-FAU Y with different water contents 

 The SEM micrographs of V-Y83, V-Y92, V-Y100 in Figure 6.4 reveal 

crystalline shape and sizes. V-Y92 and V-Y100 are polycrystals with the size about 

200-400 nm and 100-300 nm, respectively. V-Y83 has a less uniform shape with 

particle size around 500 nm. Moreover, the large particles of V-Y83 partially contain 

amorphous phase. The morphologies (shape and size) of V-FAU zeolite have some 

varieties caused by the different water contents. The smallest crystal sizes are 

obtained from the synthesis gel with high water content. This SEM images are 

different from the previous study of the synthesis FAU nanozeolites with various 

water content. The smallest crystal sizes obtained from the synthesis FAU Y with low 

water content. The incorporation of vanadium in FAU using hydrothermal method 

could lead to small particle sizes of FAU zeolite. The addition of vanadium may 

condense aluminosilicate leading to low cyrstallinzation rate of the synthesis to get 

small crystal sizes. 

 Crystalline particles of sample V-Y92 are shown in the TEM images (Figure 

6.5). The V-Y92 crystals exhibit the typical zeolite Y octahedral morphology with 

well-defined shape (Awala et al., 2015). The mean diameter of the nanocrystallite V-

Y92 zeolite is about 200 nm. 
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Figure 6.4 SEM images of V-FAU with different water content.  
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Figure 6.5 TEM images of V-Y92 with nanosized particles with high magnification. 

  

6.4.3 N2 adsorption-desorption isotherms of V-FAU 

  The N2 adsorption-desorption isotherms of V-Y83, V-Y92, V-Y100 

are displayed in Figure 6.6. The textural properties (surface area, external surface 

area, micropore volume and total pore volume) are summarized in Table 6.2. Zeolites 

V-V92 and V-Y100 exhibit a type I(a) isotherm corresponding microporous solids 

having relatively small external surfaces (Thommes et al., 2015). A sharp uptake at 

low relative pressures corresponds to the adsorption in narrow micorpores, resulting 

in micropore filling at very low P/P0. Zeolite V-Y83 also exhibits the isotherm type 

I(a) with type H4 hysteresis loop corresponding to aggregated crystals of zeolites 
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(Thommes et al., 2015). The small hysteresis loop indicates the presence of 

mesopores in the V-Y83 nanozeolite (Kabalan et al., 2016). This result is consistent 

with the SEM image of V-Y83 which contained amorphous phase leading to lower 

surface area and micropore volume. All V-FAU samples exhibit BET specific surface 

area ranging from 550 to 686 m2/g. V-V92 and V-Y100 show micropore volume of 

0.31 and 0.30 cm3/g, respectively. Their external surface areas are 72 and 75 m2/g, 

respectively. While pore volumes of sample V-Y83 is lower (0.14 cm3/g). However, 

total pore volume of three V-FAU samples are similar. Moreover, V-Y83 has high 

external surface area, 114 m2/g. This property could lead to a better diffusion of 

substrates when it is used as a catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 N2 adsorption-desorption isotherm of V-FAU nanozeolites. 
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Table 6.2 Textural properties of V-Y83, V-Y92 and V-Y100. 

 

 

6.4.4 Chemical composition of V-FAU zeolites 

  Results from elemental analysis of V-FAU zeolites from ICP are 

summarized in Table 6.3 Na, Si, Al and V are detected in all samples. V-Y83 has a 

higher Si/Al ratio than other samples probably due to a higher vanadium content. It is 

possible that the frame work Al atoms are replaced by V atoms. The high Si/Al of V-

Y83, compared with V-Y92 and V-Y100, could be from the presence of amorphous 

silica. 

 

Table 6.3 Chemical composition of V-Y83, V-Y92 and V-Y100. 

 

Sample 

Surface 

area  

(m2/g) 

Micropore 

area 

(m2/g) 

External 

surface 

area 

( m2/g) 

Micropore 

volume 

(cm3/g) 

Total 

pore 

volume 

(cm3/g) 

V-Y83 513 399 114 0.14 0.33 

V-Y92 666 594 72 0.31 0.39 

V-Y100 686 611 75 0.30 0.59 

FAU Y 

Atomic (%) 

Si/Al 

Na Si Al V 

V-Y83 11.45 21.44 12.00 0.036 1.79 

V-Y92 11.54 22.20 14.25 0.006 1.56 

V-Y100 11.95 22.41 14.10 0.011 1.59 
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6.4.5 Pyridine adsorption  

Figure 6.7 shows the FTIR spectra of pyridine (Py) adsorption on V-

FAU samples and FAU. The spectrum is collected from desorption at the temperature 

of 200°C due to complete separation of the bands. The band around 1450 cm−1 is 

attributed to the interaction of Py molecules with Lewis (L) acid sites, while that 

observed at 1545 cm−1 corresponds to the interaction of Py with Brønsted (B) sites 

(El-Roz et al., 2012; Zhang et al., 2012; Jia et al., 2017). The calculated number of 

acid sites are shown in Table 6.4. The number of acid sites, Brønsted site and Lewis 

sites of V-HY are higher than that of HY. This is due to the existence of vanadium in 

FAU Y. The higher acidity of V-HY zeolite makes it useful as acid catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 FTIR spectra of HY and V-HY samples after pyridine adsorption. 

1545 cm-1 1450 cm-1 
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Table 6.4 Peak area and number of acid site. 

 

6.4.6 Characterization of V-FAU by DRUV-Vis  

 The diffuse reflectance UV-Vis spectra of V-Y83, V-Y92 and V-Y100 

are shown in Figure 6.8. The interpretation is summarized in Table 6.4. All V-FAU 

samples exhibit two intense absorption bands at around 280 and 340 nm in UV region 

corresponding to the low-energy charge-transfer (CT) bands associated with V-O 

electron transfer (π)t2→d(e) and (π)t1→(d)e, respectively. Those bands attribute to 

tetrahedral coordination and colorless V5+ ions in Td environments. A weak band at 

610 nm is assigned to the d-d transition of the VO2+ ion, b2(dxy)→a1(dx
2

-y
2) (Chao et 

al., 1997; El-Roz et al., 2017). These results are summarized in Table 6.4. 

FAU Y 

Peak area (at 200°C) Number of acid site (μmol/g) 

Brønsted site Lewis site Brønsted site Lewis site 

HY 2.178 3.773 138 317 

V-HY 2.600 3.844 166 325 



 

127 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 DR UV-Vis spectra of V-Y83, V-Y92 and V-Y100.  

 

Table 6.5 Vanadium species in V-Y83, V-Y92 and V-Y100 zeolite based on DR UV-     

                 Vis analysis (Chao et al., 1997). 

UV-Vis (nm) V species Symmetry 

610 

 

V4+ in Td 

 

 

 

280, 340 

 

 

 

V5+ in Td 

610 nm 

280 nm 

340 nm 



 

128 

6.5 Conclusions 

The effect of water contents on the textural properties and morphologies of 

vanadium incorporated FAU nanozeolite is investigated. V-FAU nanozeolite is 

successfully synthesized using hydrothermal method with the rapid crystallization 

time of 6 h. The smallest crystalline sizes are observed for V-Y100, with higher water 

content. The sizes are ranged of 100-300 nm with rectangular crystalline crystals of 

the particles. All V-FAU samples are sharp, narrow and intense peaks, corresponding 

to high crystallinity of the V-FAU samples. XRD patterns exhibit the pure FAU 

zeolite. High specific surface area (BET), ranging from 550 to 686 m2/g are observed. 

Vanadium is found in all FAU samples. The number of acid sites, Brønsted site and 

Lewis sites of V-HY are higher than that of HY. DR UV-Vis revealed that V5+ ions 

and V4+ ions incorporated in tetrahedral coordination for all V-FAU samples. 
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