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Zeolites such as sodium A (NaA) and sodium X (NaX) are wide[y used in

catalysis, adsorption and separation. However, their powder form can be difficul.t to

handl.e in practical appIications. This study synthesizes NaA and NaX zeoIites

embedded rn biomass materia[s-[ead tree wood and banrboo chopsticks-using a

duattemplating method. Characterization by XRD, SElt/, and TGA confirmed successful

synthesis, but revealed low zeolite content, making these composites unsurtable for

applications such as carbon dioxide (COz) adsorption. To overcome this [imitation,

alternative composites were developed using paper made from sugarcane leaves,

combined with NaA and NaX zeolites. These material.s, suitabLe for potentiaI

packaging appIications, were characterized using XRD, SEA/, TGA, anci nitrogen

adsorption. The results showed significantly higher zeolite content than rr.rood based

composites. NaA composites exhibited type ll isotherms, whiIe NaX composites

showed type I isotherms, indicating their respective pore structures. CC2 adsorption

studies reveaIed that NaA composites had the highest adsorption capacity (1.25

mmol/g), attributed to higher zeolite content. lsotherm ana[ysis foU.owed the

Langmuir-Freundlich model. Ethylene adsorpticn studied using the ethylene TPD

technrque showed that only composite NaA was suitable for adsorption, as it coul.d

adsorb ethylene at temperatures below 200 "C, whereas composite NaX could not

adsorb in this temperature range.
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CHAPTER I 
INTRODUCTION 

 
     The global challenge of climate change has accelerated the need for effective 
solutions to mitigate the growing concentration of carbon dioxide (CO2) in the 
atmosphere. As CO2 emissions continue to rise, it is imperative to explore innovative 
materials and techniques for its capture and sequestration. One promising avenue of 
research in this regard is the utilization of zeolite-biomass composites for CO2 
adsorption. 
     Zeolite is a crystalline aluminosilicate compound with the molecular formula 
Nax[(AlO2)x(SiO2)y]·nH2O. It possesses a three-dimensional structure composed of 
silicate [(SiO4)4-] and aluminate [(AlO4)5-] units interconnected through four oxygen 
atoms, with shared oxygen between silicate and aluminate species. Zeolites NaA and 
NaX have been chosen as the primary targets for synthesis due to their relative ease 
of production compared to other zeolite types. NaA exhibits superior selectivity for 
CO2 adsorption compared to zeolite Na-CHA-4 and Na-ZSM-5 (Couck et al., 2017; Guo 
et al., 2018), making it an excellent choice for capturing this greenhouse gas from 
gaseous mixtures. On the other hand, zeolite NaX excels in terms of its capacity to 
adsorb CO2, which is better than zeolite NaY, Na-RHO, and Na-MER (Dabbawala et al., 
2020; Georgieva et al., 2019; Lozinska et al., 2014). This ensures efficient gas sorption.  
     The effectiveness of zeolite NaX in CO2 adsorption is further highlighted by its 
successful use in enhancing porous carbon, as demonstrated by Gan et al. (2021). In 
their study, they synthesized zeolite NaX composites with activated carbon from rice 
husk, showcasing high CO2 adsorption capacity and selectivity, along with excellent 
regeneration ability. However, rice husk is a fragile and easily degradable plant material 
under simple laboratory operations. To address this issue, the use of hardwood, such 
as Thailand's abundant Lead tree wood, serves as a suitable support, while bamboo 
chopsticks, a waste product from the food industry, offer an eco-friendly and cost-
effective option. By synthesizing zeolite-biomass composites using a method used by
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Valtchev et al. (2004a), called dual templating, biomass is added to the zeolite 
precursor and subjected to a hydrothermal process to produce zeolite composites 
with biomass. Additionally, relevant research by Krukkratoke et al. (2022) showed the 
potential of NaY/lead tree wood composites for Ni(II) adsorption, while 
Tawachkultanadilok et al. (2023) demonstrated the efficacy of NaY/bamboo 
composites for the same purpose, underlining the suitability of biomass-based 
composites for environmental remediation. However, these materials have not yet 
been used in CO2 adsorption. In addition, both studies show that synthesizing NaY in 
raw wood can lead to NaP impurities, which can be mitigated by using refluxed wood 
or by synthesizing alternative zeolites like NaA and NaX.  

Recent research on composite materials by Krukkratoke et al. (2022) has 
demonstrated that composites synthesized using the dual templating method result 
in materials containing only small amounts of zeolite (12.4%–22.4%). An interesting 
alternative method to produce composites with higher zeolite content involves 
incorporating pre-synthesized zeolite powder into pulp, which is subsequently 
transformed into a paper composite. Additionally, various biomass sources, such as 
sugarcane leaves (Minja et al., 2021) , can be used in paper production as a sustainable 
alternative to burning, thereby helping to reduce CO2 emissions. Paper/zeolite 
composites can also be used in packaging applications for produce, such as fruit, to 
adsorb ethylene and slow down ripening (do Nascimento Sousa et al. (2020). 
 

1.1 Objectives 
     The objectives of this thesis are: (i) to utilize biomass by synthesizing a composite 
material of zeolite (NaA or NaX) with biomass (lead tree wood, bamboo chopsticks and 
paper made from sugarcane leaves), (ii) to conduct a comprehensive analysis of the 
composition and properties of zeolite composites with biomass materials and (iii) to 
utilize composites with biomass as effective adsorbents for CO2 and ethylene.



 
 

 
 

CHAPTER II 
LITERATURE REVIEW 

 
      This chapter provides a literature review on the fundamentals of biomass 
materials, CO2 and ethylene capture using zeolites, and the synthesis of 
zeolite/biomass composites. 
 

2.1 Biomass materials 
      2.1.1 Lead tree wood 

    Leucaena leucocephala, commonly known as the Lead tree, is native to 

Southern Mexico and Northern Central America. It has since spread to various tropical 

and subtropical regions, including the abundant presence of the Lead tree in Nakhon 

Ratchasima province. Belonging to the family Fabaceae, it is a remarkably fast-growing 

plant. This shrub or small tree can reach 3-10 meters and is classified as non-deciduous 

(Sharma et al., 2022). 

    The Lead tree has gained global recognition for its use as animal feed due 

to its longevity and high nutritional value. Additionally, it serves multiple purposes 

such as firewood production, timber, human consumption, green manure, shade 

provision, and erosion control. Moreover, the Lead tree possesses various 

pharmacological properties, making it valuable for medicinal purposes (Zayed et al., 

2018). However, as the Lead tree grows rapidly, farmers often cut and burn excess 

plants when their cultivation exceeds human needs. 

        Lead tree wood consists of cellulose (55.87%), hemicellulose (34.73%), 

and lignin (18.63%) (Hazim et al., 2017). The Lead tree is a dicotyledon plant with a 

wide diameter of xylem and phloem, approximately 10 µm, which is wider than zeolite 

NaA (3-12 μm) (Loiola et al., 2012) and zeolite NaX (10-20 μm) (Iftitahiyah et al., 2018). 
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    Lead tree wood can be used to synthesize activated carbon with a surface 

area of 590 m2/g, a pore volume of 0.27 cm3/g, and a pore width of 1.85 nm. This 

corresponds to a 70% microporosity with a well-developed porous structure and the 

ability to adsorb CO2 at 40.54 cm3/g at 25°C and 1 atm (Gautam et al., 2023). 

      2.1.2 Bamboo chopsticks 

    Disposable bamboo chopsticks (DBCs) are extensively used in various East 

and Southeast Asian countries, including Thailand, due to their convenience and 

affordability. China, where chopsticks originated, has reported an annual usage rate of 

approximately 80 billion pairs of DBCs, leading to the deforestation of around 20 

million of 20-year-old trees each year. While data specific to Thailand's DBC 

consumption and production quantities are lacking, it is evident that DBCs have 

become a significant issue for municipal waste management. When disposed of with 

other garbage in plastic bags, DBCs puncture the bags, causing spillage and 

complicating waste collection efforts (Jodnok et al., 2021). 

    DBCs consist mainly of carbon (62.26% wt), followed by oxygen (43.73% wt) 

and potassium (1.41% wt). DBCs have an average pore size of 6.583 nm, classified as 

mesoporous (Wijitkosum, 2023), which is wider than zeolite NaA and NaX. Bamboo can 

be used to synthesize activated carbon with a surface area of 561.1 m2/g and the 

ability to adsorb CO2 at a rate of 74.46 mg/g at 25°C and 1 atm (Koo-amornpattana et 

al., 2022). 

      2.1.3 Paper from sugarcane leaves  
    Hardwood has traditionally been the primary source of cellulosic fibers for 

the pulp and paper industry. However, the increasing demand for hardwood has led 
to significant environmental concerns, including deforestation, ecological imbalances, 
and climate change. In response, there has been growing interest in alternative fiber 
sources, such as grass (Lee et al., 2022) and plant leaves (Adeoye et al., 2021). One 
particularly promising alternative fiber source is sugarcane waste. 

    Sugarcane (Saccharum officinarum) originates from Southeast Asia and New 
Guinea (Lebot, 1999) and is an important economic crop in Thailand. The majority of 
Thailand’s sugarcane production is consumed domestically, with the remainder 
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exported to the global market. Thailand ranks as the world's fifth-largest sugar exporter, 
producing approximately 60–80 million tons of sugarcane annually  (Chokwarakul, 
2018). Sugarcane harvesting is typically conducted using two methods: cutting fresh 
sugarcane or burning it before cutting. The burning method is widely used by farmers 
due to labor shortages and the convenience of harvesting. However, this method 
significantly impacts the environment, contributing to air pollution, soil degradation, 
and the greenhouse effect. Additionally, it directly affects the quality of the harvested 
sugarcane (Kawon et al., 2022). The sugarcane industry generates substantial waste, 
primarily in the form of sugarcane leaves and bagasse. Among these, sugarcane bagasse 
is widely used in the paper industry, accounting for approximately 2–5% of global pulp 
and paper production (Rainey and Covey, 2016). Sugarcane leaves have also been 
successfully utilized in papermaking (Minja et al., 2021). 

    During the pulping process in paper production, delignification is typically 
carried out using chemical treatments such as sodium hydroxide (NaOH) (Minja et al., 
2021). Additionally, zeolite powder can be incorporated into the pulp to produce a 
zeolite/paper composite, enhancing the properties of the final paper product. 
 

2.2 CO2 Capture using zeolites 
      The quest for effective CO2 capture materials has led to the exploration of a 
variety of adsorbent classes, including carbon-based materials, metal-organic 
frameworks (MOFs), and zeolites. Each of these materials possesses distinct advantages 
and limitations, making them suitable for different applications within the field of gas 
separation. 
      Carbon-based materials are appealing due to their cost-effectiveness, thermal 
stability, and hydrophobic nature. However, their relatively weak CO2 interaction limits 
adsorption capacity and selectivity at low pressures. Doping with heteroatoms can 
enhance CO2 interaction but increases hydrophilicity (Choi et al., 2009).  MOFs, known 
for their high specific surface areas, offer impressive CO2 adsorption capacities, primarily 
at high pressures. Their weaker CO2 interaction makes them less suitable for lower-
pressure applications, and they face challenges in terms of cost, hydrothermal stability, 
and regeneration (Millward and Yaghi, 2005). 
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      Despite these challenges, zeolites stand out as a promising class of adsorbents 
due to their stability, cost-effectiveness, and the ability to fine-tune their 
physicochemical properties to optimize adsorption behavior. This adaptability includes 
adjusting pore size, organization, and composition to enhance their suitability for CO2 
separation, making zeolites an attractive option for separating CO2 from other gases 
like CH4 or N2 (Boer et al., 2023). 
      One key factor influencing CO2 adsorption by zeolites is the presence of basic 
sites. Zeolites are composed of a framework of tetrahedral TO4 units (T = Si or Al), 
interconnected through shared oxygen atoms. When Si4+ is substituted with Al3+, a net 
negative charge is introduced, which is balanced by Na+ cations. These Na+ ions and 
the negatively charged framework sites act as active basic sites for CO2 adsorption. A 
lower Si/Al ratio (i.e., higher Al content) and a higher Na/Si ratio are associated with 
increased basicity, leading to enhanced CO2 adsorption capacity (Keawkumay et al., 
2024). Furthermore, smaller zeolite crystal sizes contribute to higher adsorption 
capacity and faster CO2 uptake at lower pressures. The use of purer precursors, such 
as high-purity aluminum sources, also improves crystallinity, optimizes surface acidity, 
and enhances surface functionality (Keawkumay et al., 2025). 
      The ability of zeolites to adsorb CO2 can also be utilized in packaging applications, 
as CO2 is one of the gases released by fruits and vegetables. Excessive carbon dioxide 
can seriously damage the skin and flesh of the fruit (Krupa and Tomala, 2021). 
      Among these zeolites, NaA and NaX types are easier to synthesize compared to 
other zeolites. Table 1 displays examples of sodium zeolite in terms of adsorption 
capacity and CO2 selectivity. Zeolite NaA is a structured zeolite known as Linde Type 
A (LTA), with an 11.4 Å diameter supercage connected by eight-ring openings and a 4.1 
Å diameter cavity (McCusker and Baerlocher, 2001). Zeolite NaX is a zeolite with a 
structure referred to as Faujasite (FAU) and a silicon-to-aluminum ratio of 1 to 1.5. 
Zeolite NaX structures have a 1.24 nm (12.4 Å) diameter supercage connected by 
twelve-ring openings and a 0.74 nm (7.4 Å) diameter cavity (Du, 2013). Zeolite NaA, 
with its smaller pore size, shows promising enhanced selectivity, while zeolite NaX, 
with its larger pore size, was chosen for its potential to provide greater CO2 adsorption 
capacity (Boer et al., 2023). 
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Table 2.1 Example of the Sodium Zeolites Adsorption Capacity and CO2 Selectivity. 

a The Si/Al ratio was not measured, but zeolite A always has a Si/Al ratio of 1. 
       
      When compared to other sodium zeolites, NaY and Na-CHA-4 have pore sizes 
between those of NaA and NaX, resulting in adsorption capacities higher than zeolite 
NaA but lower than NaX. The higher selectivity of Na-BEA is due to its smaller pore 
size, even smaller than zeolite NaA. On the other hand, Na-RHO exhibits higher capacity 
and selectivity, thanks to a unique trapdoor mechanism enabled by the thermal 
motion of cations. This mechanism allows CO2 to enter its small pores and interact 
with the zeolite framework, while CH4 is prevented from entering, leading to enhanced 
CO2 adsorption performance. Additionally, Na-ZSM-5 shows lower capacity and 

Material Si/Al 

Adsorption 
condition nCO2 

(mmol/g) 

Pure 
Sel. 

CO2/N2 

N2 Pure 
Sel. 

CO2/CH4 
REF. 

Pressure 
(bar) 

Temp. 
(°C) 

NaA 1a 0.85 25 3.9 13  
Liu et al., 

2010 

NaX 1 1 25 6.3  8 
Moura et  
al., 2016 

NaY 2.2 1 25 4.7   
Dabbawala 
et al., 2020 

Na-BEA 7.4 1 25 2.7 17  
Yang et al., 

2010 

Na-RHO 3.9 1 25 4.9  49 
Lozinska et 
al., 2014 

Na-
CHA-4 

4 1 25 4.7 7 4 
Guo et al., 

2018 

Na-MER 3.8 1 25 3.8  13 
Georgieva et 

al., 2019 
Na-

ZSM-5 
25 1 30 2.1 8 3 

Couck et al., 
2017 
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selectivity due to limited interaction, in which CO2 interacts only with the Na+ sites 
located in the 10-member ring channel (Boer et al., 2023). 
      Zeolite can also be used to synthesize supported materials, such as biomass. In 
previous research conducted by Gan et al. (2021), they synthesized zeolite NaX with 
activated carbon derived from rice husk. This synthesis has been shown to enhance 
the CO2 adsorption capacity from 1.05 to 1.48 mmol/g and the selectivity from 6.91 to 
10.52 when compared to their activated carbon counterpart. 

Additional research by Tawachkultanadilok et al. (2024)  synthesized micro- and 
nano-sized NaY zeolite supported on bamboo charcoal. While the overall composite 
exhibited lower CO2 adsorption than pure zeolite, a comparison based solely on the 
zeolite content revealed that both micro- and nano-sized NaY in the composites 
showed significantly higher adsorption capacities than pure NaY zeolite (micro: 6.67 
mmol/g vs. 1.59 mmol/g, nano: 14.82 mmol/g vs. 2.70 mmol/g). This demonstrates 
that dispersing NaY zeolite on bamboo charcoal enhances CO2 uptake per unit weight 
of zeolite. 
 

2.3 Ethylene Capture using Zeolites 
      Ethylene (C2H4), even at trace concentrations, plays a crucial role in the ripening 
and senescence of fruits and vegetables. Its presence can either benefit or negatively 
impact postharvest quality, depending on the type and sensitivity of the produce. 
Controlling ethylene is essential for reducing postharvest losses (Domínguez et al., 
2016).  
      As a volatile organic compound (VOC), ethylene regulates plant growth and 
development by increasing respiratory activity, thereby accelerating metabolism. It is 
biologically active at extremely low concentrations (in the ppb range) (Keller et al., 
2013). During preharvest, ethylene mediates responses to biotic and abiotic stress 
(Guan et al., 2015; Kazan, 2015). Postharvest, it is often used to standardize ripening, 
especially for climacteric fruits like bananas and tomatoes (Seymour et al., 2013), but 
may also accelerate spoilage in sensitive produce by inducing yellowing, softening, and 
senescence (Cherian et al., 2014; Dhall, 2013). 
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      Zeolites are one of the most studied materials for ethylene adsorption due to 
their high surface area, tunable pore size, and ion-exchange capacity. Other materials 
such as clays, silica, alumina, and activated carbon have also been explored (Álvarez-
Hernández et al., 2018). Often, these adsorbents are combined with oxidizing agents 
like KMnO4 to enhance ethylene capture efficiency. However, KMnO4 is toxic and must 
be isolated from direct contact with food, typically by embedding in sachets or films 
(Vermeiren et al., 1999). 
 

Table 2.2 Example of the zeolites-based materials for adsorption of ethylene. 

 

      Table 2.2 presents examples of zeolite-based materials used for ethylene 
adsorption. Many studies on ethylene adsorption have utilized natural zeolites, such 
as clinoptilolite. For instance, do Nascimento Sousa et al. (2020) synthesized 
chitosan/clinoptilolite composites, where chitosan—commonly used in packaging 
films—was combined with clinoptilolite as a non-toxic alternative to KMnO4 for 
ethylene adsorption. The composite exhibited an ethylene adsorption capacity of 

7.7 × 10-1 mmol/g at 25°C. 
 
 

Material 
Adsorption condition 

nEthylene 
(mmol/g) 

Reference 

Pressure 
(bar) 

Temperature 
(°C) 

  

Chitosan/Clinoptilolite 
composites 

0.5 25 7.7 × 10−1 
do Nascimento 

Sousa et al. (2020) 
4A zeolite 1 25 2.3 Min et al. (2020) 
5A zeolite 1 25 2.5 Min et al. (2020) 
13X zeolite 0.4 25 2.5 Costa et al. (1991) 

13X zeolite 0.4 25 2.5 
Hyun and Danner 

(1982) 
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      Other studies have utilized commercial zeolites such as zeolite A and zeolite X. 
Although these materials are more expensive than natural zeolites, they exhibit 
significantly higher ethylene adsorption capacities. For example, Min et al. (2020) 
reported that zeolite A adsorbed 2.3 mmol/g in 4A zeolite and 2.5 mmol/g in 5A 
zeolite. Similarly, studies on zeolite X showed ethylene adsorption capacities of 2.5 
mmol/g for 13X zeolite (Costa et al., 1991; Hyun and Danner, 1982). These findings  
highlight the strong potential of zeolite A and zeolite X for incorporation into food 
packaging for effective ethylene removal. 
 

2.3 Synthesis of zeolite/biomass composite 
      The synthesis of zeolite/wood composites represents a fascinating approach to 
enhance the material properties and application potential of zeolites. This method 
allows materials to grow within the vascular systems of various plant templates, 
leading to innovative advances in zeolite synthesis. Over the past two decades, several 
notable examples have emerged within this field, primarily focusing on ZSM-5 zeolite 
composites with plant parts, such as leaves and stems of Equisetum arvense (Valtchev 
et al., 2004b), stems of corn (Krishnamurthy et al., 2016), and rice husk (Morawala et 
al., 2019). 
      Table 2.3 shows examples of the material/wood composite synthesis. Among 
these, ZSM-5 zeolite synthesized using plant templates exhibited exceptional promise. 
For instance, the use of Equisetum arvense, a fragile and easily degradable plant, 
highlighted the need for robust plant templates to enhance the efficiency of the 
resulting material. Corn stems, on the other hand, provided tangible pellets that 
appeared ready for use, offering a clear advantage in terms of convenience. 
      When exploring the synthesis of zeolites, such as zeolite NaA and NaX, an 
interesting observation is the lack of reports concerning their synthesis using plant 
templates. Notably, Tepamat et al. (2013) attempted to synthesize NaA and Gan et al. 
(2021) with zeolite NaX, both groups prepared activated carbon composites derived 
from rice husks, providing a sustainable and cost-effective means of synthesizing these 
materials. 
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      A common thread among these diverse approaches to zeolite/wood composite 
synthesis involves mixing ingredients with a wood template. Subsequently, the mixture 
is subjected to hydrothermal treatments under varying conditions, such as 
temperature, time, refluxing, and aging. This method has been successfully applied 
across various plant templates and solid substrates, leading to the production of 
zeolite composites with unique properties (Gan et al., 2021; Krishnamurthy et al., 2016; 
Morawala et al., 2019; Valtchev et al., 2004b). 
 
Table 2.3 Examples of the material/wood composite synthesis. 

 
 

Material 
Supporting material Surface 

area 
(m2/g) 

Application Reference 
Name Type 

ZSM-5 
Equisetum 
arvense 

Leaves 
and 

stems 
47  

Valtchev et al., 
2004 

ZSM-5 Corn Stems 226 
Esterification of 
benzyl alcohol 

with hexanoic acid 

Krishnamurthy et 
al., 2016 

ZSM-5 Rice Husk 328 
Synthesis of n-
butyl levulinate 

Morawala et al., 
2019 

NaA Rice Husk 64.60  
Tepamat et al., 

(2013) 
NaX Rice Husk 980.8 CO2 adsorption Gan et al., 2021 

NaY Lead tree Wood 45 Ni (II) adsorption 
Krukkratoke et al., 

2022 

NaY Bamboo Wood 16.1 Ni (II) adsorption 
Tawachkultanadilok 

et al., 2023 
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      Another notable method for biomass/zeolite synthesis, aside from the dual 
templating approach by Izadyar and Fatemi (2013), involves incorporating zeolite 13X-
based powder into wood pulp before transforming it into paper/zeolite composites. 
This method offers an alternative approach compared to the work of Krukkratoke et 
al. (2022), who created composites with a zeolite content of approximately 12–22%. 
      Although various templates have been used in zeolite composite synthesis, the 
combination of zeolite NaA and NaX with wood and paper remains largely unexplored. 
With their high surface area and stability, these zeolites show great potential for 
catalysis, separation, and adsorption. Further research could lead to novel materials 
with enhanced properties.



 

 
 

CHAPTER III 
EXPERIMENTAL 

 

3.1 Chemicals 
      The Lead tree wood used in the synthesis was obtained from the area around the 
Center for Scientific and Technological Equipment Building 2 (F2) of Suranaree 
University of Technology (Nakhon Ratchasima, Thailand). Bamboo chopsticks were 
commonly available at 7-Eleven stores, and sugarcane leaves were collected from 
sugarcane fields around Suranaree University of Technology (Nakhon Ratchasima, 
Thailand). The chemicals used for biomass activation and the synthesis of zeolite NaA 
and NaX included silica fumed (SiO2) (99.8% SiO2, Sigma-Aldrich), sodium aluminate 
(NaAl2O3) (50–56% Al2O3, 37–45% Na2O, Sigma-Aldrich) and sodium hydroxide (NaOH) 
(97% wt NaOH, Carlo Erba). 
 

3.2 Synthesis of zeolite NaA and NaX 
      3.2.1 Synthesis of zeolite NaA 

    Zeolite NaA was synthesized from a gel composition of 6Na2O: Al2O3: SiO2: 
150H2O, following the procedure outlined by Khaosomboon et al. (2018). 90 mL of DI 
water was measured into a 250 mL polypropylene (PP) bottle. Gradually, 12.27 g of 
sodium hydroxide pellets (weighed using a plastic beaker) were added, dividing them 
equally into another 250 mL PP bottle. The first part of the solution was mixed with 
6.3552 g of sodium aluminate. In the second part of the solution, 2 g of silica was 
added and stirred with a magnetic bar at 90°C for 3 hours. Both parts of the solution 
were then mixed and stirred for 30 minutes. To prevent water evaporation during 
zeolite gel crystallization, tape was applied tightly between the area where the bottle 
and the cap meet. Crystallization was conducted at 80°C for 2.5 hours in a hot air oven. 
After cooling, the white precipitate (synthesized zeolite NaA) was washed with distilled 
water and centrifuged at 4,000 rpm for 4 minutes until the pH was lower than 9.  
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    The PP bottle cap was removed, and the mouth of the PP bottle was 
covered with a pre-punctured aluminum foil sheet to allow water to evaporate. Then, 
the synthesized NaA zeolite powder was dried overnight at 90°C in a hot air oven. 
      3.2.2 Synthesis of zeolite NaX 

    Zeolite NaX was synthesized from a gel composition of NaAlO2: 4SiO2: 
16NaOH: 88H2O, following the procedure described by (Jantarit et al., 2020). To obtain 
a larger amount of zeolite NaX, three times more substrates were used. A sodium 
silicate solution was prepared by pouring 26.76 g of DI water into a 250 mL 
polypropylene (PP) bottle. Gradually, 4.83 g of sodium hydroxide pellets (weighed 
using a plastic beaker) was added, followed by the addition of 12.3 g of silica. This 
mixture was stirred with a magnetic bar for 18 hours at room temperature. For the 
sodium aluminate solution, 264 g of DI water was weighed into a 500 mL PP bottle. 
Gradually, 27.24 g of sodium hydroxide pellets were added, followed by the addition 
of 4.08 g of sodium aluminate, and the mixture was stirred for 1 hour. The sodium 
silicate solution was then mixed with the sodium aluminate solution in a 500 mL PP 
bottle and stirred for 1 hour. To prevent water evaporation during zeolite gel 
crystallization, tape was tightly applied between the area where the bottle and the 
cap meet. Crystallization was carried out at 90°C for 18 hours in a hot air oven. After 
cooling, the white precipitate (synthesized zeolite NaX) was washed with distilled water 
and centrifuged at 4,000 rpm for 4 minutes until the pH is around 7.  

    The PP bottle cap was removed, and the mouth of the PP bottle was 
covered with a pre-punctured aluminum foil sheet to allow water to evaporate. Then, 
the synthesized NaX zeolite powder was dried overnight at 90°C in a hot air oven. 
 

3.3 Synthesis of zeolite/biomass composite 
      3.3.1 Preparation of Lead tree wood and Bamboo chopstick 

    The lead tree wood was cut to a diameter of 0.75 cm and a height of 0.5 cm, 

while the bamboo chopsticks were cut to a length of 0.5 cm. The lead tree wood 
sample was named LTW, while the bamboo chopstick sample was named BW. 
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      3.3.2 Synthesis of NaA and NaX Composites with LTW and BW 
    In the synthesis of zeolite NaA in biomass, zeolite NaA was prepared using 

the same procedure as described above, but 2 g of lead tree wood or bamboo 
chopstick was added to the second part of the solution before the addition of silica. 

Similarly, for the synthesis of zeolite NaX in biomass, 2 g of lead tree wood or bamboo 
chopstick was added to the solution during the preparation of the sodium aluminate 
solution, before the addition of sodium aluminate. 

    In both synthesis processes, after the addition of lead tree wood or bamboo 
chopstick, the mixture was aged for 24 hours. Following crystallization, the zeolite–
biomass composites were filtered and washed using a sonication method at 40°C for 

5 minutes, while the powders were washed by centrifugation at 4000 rpm for 5 
minutes. Both the composites and powders were washed several times by sonication 
or centrifugation with deionized water until the pH of the samples reached 
approximately 7. Subsequently, the composites and powders were dried at 90°C 
overnight in a hot air oven to obtain zeolite/wood composites. 

    The lead tree wood/zeolite composite samples were named LTW-NaA and 
LTW-NaX, while the bamboo chopstick/zeolite composites were named BW-NaA and 
BW-NaX. Finally, the powder samples formed outside the wood during the synthesis 
of the lead tree wood/zeolite composites were named LTW-NaA-P and LTW-NaX-P, 
while those formed outside the bamboo chopstick/zeolite composites were named 
BW-NaA-P and BW-NaX-P. 
      3.3.3 Synthesis of NaA and NaX Composites with SLP 

    Paper made from sugarcane leaves was synthesized using the method 

described by Rani et al. (2018). First, 10 g of sugarcane leaves were blended into very 
small pieces and then added to a 10% NaOH solution at a 1:1 weight ratio of NaOH to 
sugarcane leaves. The mixture was heated at 80°C for 4 hours to convert the sugarcane 
leaves into pulp, and then washed three times with deionized water. The resulting 
pulp was poured onto a deckle, spread evenly, and dried overnight in a fume hood to 
obtain paper. 
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    For the synthesis of the zeolite/paper composite, zeolite powder 
synthesized from a previous method was added to the pulp after washing with DI 
water, using a 1:2 ratio of sugarcane leaves to zeolite. The mixture was stirred for 30 
minutes and then transferred to a fume hood for drying. The sugarcane paper sample 
without zeolite was named SLP, while the sugarcane paper/zeolite composites were 
named SLP-NaA and SLP-NaX 
 

3.4 Material characterization 

      The phases of the composites were analyzed using X-ray diffraction (XRD) on a 
Bruker D8 ADVANCE instrument with Cu Kα radiation, operating at a voltage and current 
of 40 kV and 30 mA. The scan speed was set at 0.2 s/step, and the increment was 0.02 
s/step. 
      The morphology and elemental analysis of the composites was examined via 
scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS, Carl 
Zeiss, Auriga® series, Carl Zeiss NTS GmbH, Oberkochen, Germany) with an accelerating 
voltage of 30 kV. The samples were spread on silver paint and coated with gold using 
sputtering. 
      The thermal decomposition of the wood composites was investigated through 
thermogravimetric analysis (TGA) on a Mettler Toledo model TGA/DSC1 (Mettler Toledo 
AG, Analytical, Schwerzenbach, Switzerland) under an air-zero atmosphere. The gas 
flow rate was 50 mL/min, and the heating rate was 10°C/min up to 800°C. Following 
the combustion of the wood, the remaining residues were assumed to primarily consist 
of zeolite. 
      Nitrogen adsorption isotherms of the composites were obtained using a 
Quantachrome Instruments, Autosorb IQ series (Micromeritics, USA) at liquid nitrogen 
temperature. Prior to the measurement, the samples were degassed at 70°C for 24 
hours. The specific surface areas (SBET) were calculated using the Brunauer-Emmett-
Teller (BET) equation. 
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3.5 CO2 and ethylene adsorption application 

      Samples were studied for the adsorption of CO2 using the BELSORP MAX X 
Analyzer, following the procedure described by Madhu et al. (2022). Before the 
analysis, the samples were degassed at 150°C for 12 hours. The operating temperature 
during the measurement of CO2 adsorption was 25°C with a range of 0-100 kPa. Then, 
the amount of CO2 absorbed was plotted against pressure. 
      An ethylene adsorption application study was conducted using ethylene 
temperature-programmed desorption (ethylene-TPD), following the modified 
procedure outlined by Roy et al. (2023). To begin, 0.05 g of the sample was packed 
into the sample cell and topped with quartz wool. The sample was heated at a rate 
of 10°C/min under a flow of helium (He) from room temperature to 200°C and held at 
this temperature for 30 minutes. After cooling to 50°C, ethylene diluted with inert gas 

(7.5% C2H4/He) was introduced at a rate of 30 ml/min for 30 minutes. Subsequently, 
the sample was purged with He for 30 minutes to remove physiosorbed species. The 
temperature was ramped at 10°C/min from 100 to 810°C. The amount of ethylene 
desorbed versus time was recorded, and the TPD profile was compared with a no-gas 
TPD (in which He was fed instead of 7.5% C2H4/He). The total amount of ethylene 
desorbed was determined by integrating the area under the curve. 
 



 

 
 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 Characterization of wood composites 
      4.1.1 XRD pattern and SEM images of wood composites 

    Lead tree wood (LTW) and bamboo chopsticks (BW) were analyzed using 
XRD, SEM and TGA. Figure 4.1 presents the XRD patterns of LTW (Figure 4.1a) and BW 
(Figure 4.1b). The XRD patterns display two broad peaks at 14º and 22º, indicating that 
these structures are amorphous, with peak positions similar to those of cellulose 
crystals (Li et al., 2011). Additionally, both LTW and BW show a pattern consistent with 
calcite (according to the RUFF database: calcite R050128), suggesting the presence of 
impurities in both materials. 

 
Figure 4.1 XRD pattern of LTW (a) and BW (b). 
 
    Figure 4.2 presents the SEM images of dissected LTW (4.2a, 4.2b, 4.2c) and BW (4.2d, 
4.2e, 4.2f) at different magnifications. Figure 4.2a reveals the vascular structure of LTW 
with a pore width of approximately 10 μm, which was consistent with the findings of 
Krukkratoke et al. (2022). Similarly, Figure 4.2d shows that BW had a pore size of around  
12 μm. Additionally, Figures 4.2b, 4.2c, 4.2e, and 4.2f indicate that both LTW and BW 
had rough surfaces. 
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Figure 4.2 SEM images with different magnifications of LTW (a) 1000x (b) 5000x (c) 
10000x and BW (d) 1000x (e) 5000x (f) 10000x. 
 
      4.1.2 XRD pattern and SEM images of zeolite composites with wood 

    Figure 4.3 presents the XRD patterns of LTW composites with zeolite NaA 
(LTW-NaA) and zeolite NaX (LTW-NaX), compared to LTW, zeolite NaA (Pluth and Smith, 
1980), and zeolite NaX (Olson, 1995). Figure 4.3a shows that LTW-NaA exhibited less 
intense broad peaks at 14º and 22º, indicating a partial loss of cellulose structure. 
Additionally, LTW-NaA displaya characteristic peaks of zeolite NaA, suggesting that 
zeolite NaA had grown onto the LTW surface in sufficient quantity for its peaks to be 
detected. In contrast, Figure 4.3b shows that LTW-NaX did not exhibit clear peaks of 
zeolite NaX, indicating that either zeolite NaX had not grown or had formed in very 
low quantities on the LTW surface. This suggested that zeolite NaA adhered more 
effectively to the biomass surface compared to zeolite NaX. Lastly, the peak at 29º 
confirmed the presence of calcite impurities in both composites; however, LTW-NaX 
exhibited a weaker peak, likely due to the longer crystallization time of zeolite NaX. 
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Figure 4.3 XRD pattern of LTW (blue line), zeolite (red line: NaA (a) (Pluth and Smith, 
1980), NaX (b) (Olson, 1995) , and zeolite/LTW composite (black line: LTW-NaA (a), LTW-
NaX (b)). 
 

    Figure 4.4 presents the XRD patterns of BW composites with zeolite NaA 
(BW-NaA) and zeolite NaX (BW-NaX), compared to LTW, zeolite NaA, and zeolite NaX. 
Similar to the trends observed in zeolite/LTW composites, BW-NaA (Figure 4.4a) 
exhibited characteristic peaks of zeolite NaA. However, BW-NaX (Figure 4.4b) do not 
display clear peaks of zeolite NaX. Compared to zeolite/LTW composites, the 
zeolite/BW composites showed lower peak intensity for zeolite, suggesting that LTW 
was better suited as a support for zeolite in the dual templating method than BW. 
Additionally, the peak attributed to calcite showed a weaker signal in BW-NaX than in 
BW-NaA, a trend similar to that observed in zeolite/LTW composites. 
 

 
Figure 4.4 XRD pattern of BW (blue line), Zeolite (red line: NaA (a) (Pluth and Smith, 
1980), NaX (b) (Olson, 1995), and zeolite/BW composite (black line: BW -NaA (a), BW -
NaX (b)). 
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    Figure 4.5 presents the SEM images of LTW composites with zeolite NaA 
(LTW-NaA: Figures 4.5a, 4.5b, and 4.5c) and zeolite NaX (LTW-NaX: Figures 4.5d, 4.5e, 
and 4.5f). In LTW-NaA, cubic crystals were observed on the LTW surface, with an average 
size of approximately 0.67 μm. This morphology was attributed to zeolite NaA 
(Khaosomboon et al., 2018). In LTW-NaX, 2.01 μm non-uniform polycrystalline 
structures were observed on the LTW surface, where individual crystals were held 
(Rongchapo et al., 2017). These findings suggested that zeolite NaX had still grown on 
the LTW surface but not in sufficient quantity to produce distinct zeolite peaks in the 
XRD analysis. In contrast, zeolite NaA exhibited a higher presence on the LTW surface, 
as evident in the SEM images. 
 

 
Figure 4.5 SEM images with different magnifications of zeolite/LTW composites NaA (a) 
500x (b) 2500x (c) 5000x and NaX (d) 500x (e) 2500x (f) 5000x. 
 

    Figure 4.6 presents the SEM images of BW composites with zeolite NaA (BW-
NaA: Figures 4.6a, 4.6b, and 4.6c) and zeolite NaX (BW-NaX: Figures 4.6d, 4.6e, and 4.6f). 
Both BW-NaA and BW-NaX exhibited crystals on the BW surface, displaying their 
respective zeolite morphologies. The crystal size in BW-NaA was approximately 1.06 
μm, while in BW-NaX, it was around 1.63 μm. Compared to LTW/zeolite composites, 
BW/zeolite composites showed a lower quantity of zeolite on the surface. This 
observation was further supported by the XRD analysis, which revealed weaker zeolite 
signals in BW/zeolite composites than in LTW/zeolite composites. 
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Figure 4.6 SEM images with different magnifications of zeolite/BW composites NaA (a) 
500x (b) 2500x (c) 5000x and NaX (d) 500x (e) 2500x (f) 5000x. 
 
      4.1.3 Zeolite powder outside the wood 

   In addition to the wood samples, zeolite powders outside the wood 
composites were also analyzed. These powders were characterized by XRD and SEM. 
Figure 4.7a shows the XRD patterns of LTW-NaA-P and BW-NaA-P, which displayed only 
the characteristic peaks of zeolite NaA. Similarly, Figure 4.7b shows the XRD patterns 
of LTW-NaX-P and BW-NaX-P, which exhibited only the characteristic peaks of zeolite 
NaX. These results indicated that the powders collected from outside the lead tree 
wood and bamboo chopstick composites were pure zeolite. 

 

 
Figure 4.7 XRD pattern of zeolite NaA (4.7a) and NaX (4.7b) powder samples outside 
the wood. 



23 
 

    Figure 4.8 shows the SEM images of LTW-NaA-P and LTW-NaX-P. Both zeolite 
samples exhibited morphologies characteristic of their respective zeolites—cubic 
crystals for zeolite NaA and non-uniform polycrystalline structures for zeolite NaX. 
However, when compared to the zeolite formed inside the wood, the zeolite NaA from 
outside the wood displayed a slightly different shape. The cubic crystals of NaA outside 
the wood appeared more rounded, whereas the crystals formed inside the wood had 
sharper edges. In terms of particle size, the zeolite NaA inside the wood showed a 

more uniform size, averaging around 0.67 μm, while the NaA crystals outside the wood 

ranged from 0.16 to 1.05 μm. These differences in morphology and size are likely due 
to the distinct crystallization environments. Inside the wood, the confined porous 
structure provides limited nucleation sites that promote slower, more uniform crystal 
growth, resulting in well-defined cubic crystals. In contrast, the bulk gel outside the 
wood allows rapid and less controlled crystallization, leading to more irregular, non-
uniform crystals. 

    For zeolite NaX, the powder from outside the wood consisted of smaller 
individual crystals that formed the larger polycrystalline structures. These crystals were 
smaller than those observed inside the wood. However, overall, the zeolite NaX 
crystals from both inside and outside the wood exhibited similar size. The smaller 
crystal size observed in the zeolite formed outside the wood may be attributed to a 
higher nucleation density in the bulk gel compared with the more restricted nucleation 
environment on the wood surface. 

    Figure 4.9 shows the SEM images of BW-NaA-P and BW-NaX-P. Similar to the 
powder sample out side the lead tree wood the BW-NaA-P and BW-NaX-P show the 
same characteristic morphology of the NaA and NaX zeolite to the powder sample out 
side the lead tree wood. In terms of particle size, the zeolite NaA outside the wood 

showed a more uniform size, averaging around 1.57 μm, while the NaA crystals outside 

the wood ranged from 0.17 to 1.28 μm. 
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Figure 4.8 SEM images of zeolite powder samples outside the lead tree wood of zeolite 
NaA (a) 5000x (b) 10000x (c) 30000x and NaX (d) 5000x (e) 10000x (f) 30000x. 
 

 
Figure 4.9 SEM images of zeolite powder samples outside the bamboo chopstick of 
zeolite NaX (a) 1000x (b) 5000x (c) 10000x and NaX (d) 1000x (e) 5000x (f) 10000x. 
 
      4.1.4 Thermal stability and %zeolite by TGA of wood composites 

    Figures 4.10 and 4.11 present the TGA (a) and DTG (b) curves of the LTW and 
BW samples, respectively. In all samples, the weight loss observed between 75–250°C 
was attributed to the evaporation of water, while the weight loss between 250–330°C 
corresponded to the decomposition of hemicellulose. The third stage of weight loss, 
occurring between 350–450°C, was associated with cellulose degradation, and the final 
weight loss above 450°C was due to lignin decomposition (Li et al., 2011). The 
remaining residue was likely to be zeolite.  
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    The residual zeolite content indicated that the LTW samples contained a 
higher amount of zeolite than the BW samples, with LTW-NaA at 10.00% and LTW-NaX 
at 2.24%. The BW samples contained the least amount of zeolite, with BW-NaA at 
4.49%, while BW-NaX was not detected by TGA analysis—likely due to its very low 
zeolite NaX content. This result is consistent with previous studies using zeolite NaY in 
non-reflux wood composites, where zeolite content was found to be 22.4% in Lead 
tree wood (Krukkratoke et al., 2022) and 5.46% in bamboo (Tawachkultanadilok et al., 
2023).  

    The TGA results also indicate that zeolite NaA composites contain a higher 
amount of zeolite than NaX composites, likely due to differences in crystallization 
time. Zeolite NaA requires a shorter crystallization time (2.5 hours) compared to NaX 
(18 hours), suggesting that NaA forms more readily and with a higher crystallization rate 
than NaX. Based on the TGA results, the LTW and BW samples contain relatively low 
zeolite content and are therefore likely not suitable for applications such as CO2 
adsorption. 

 

 
Figure 4.10 (a) TGA and (b) DTG curves of LTW samples 
. 

 
Figure 4.11 (a) TGA and (b) DTG curves of BW samples. 
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4.2 Characterization of paper composites 
      4.2.1 XRD pattern and SEM images of paper composites 

    Since LTW and BW are not suitable for CO2 adsorption, a different type of 
material with potentially higher zeolite content was synthesized—paper made from 
sugarcane leaves (SLP), combined with zeolite NaA and zeolite NaX (referred to as SLP-
NaA and SLP-NaX, respectively). These materials can be used in fruit packaging to 
adsorb gases released by fruit, such as CO2, to prevent damage to fruit tissue (Krupa 
and Tomala, 2021) and ethylene, to slow the ripening process (do Nascimento Sousa 
et al., 2020). The SLP samples were analyzed using XRD, SEM, and TGA. 

    Figure 4.12 presents the XRD pattern of SLP. Compared to the XRD patterns 
of LTW and BW, SLP exhibited similar peak positions; however, the two broad peaks at 
14º and 22º had lower intensity. Additionally, SLP do not show clear calcite patterns, 
except for a sharp peak at 29º, which appears with a weaker signal. This was likely due 
to the NaOH treatment used during the pulp-making process. 

    Figure 4.13 shows the morphology of SLP. Figure 4.13a shows the overall 
structure of SLP that is made of many fibers (Figure 4.13b) connected by some 
materials (Figure 4.13c), which may be lignin or extractives. (Wutisatwongkul et al., 
2016) .SEM images revealed that these materials had rough surfaces. 

 
Figure 4.12 XRD pattern of SLP. 
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Figure 4.13 SEM images with different magnifications of SLP (a) 100x (b) 1000x (c) 2500x 
 
      4.2.2 XRD pattern and SEM images of zeolite composites with paper 

    Figure 4.14 presents the XRD patterns of SLP composites with zeolite NaA 
(SLP-NaA) and zeolite NaX (SLP-NaX), compared to SLP, zeolite NaA, and zeolite NaX. 
The XRD patterns of both SLP-NaA and SLP-NaX exhibit characteristic peaks 
corresponding to their respective zeolite counterparts. However, compared to 
LTW/zeolite and BW/zeolite composites, the XRD patterns of SLP/zeolite composites 
appear much clearer. This indicated that the synthesis method used for SLP 
composites resulted in a higher zeolite content than the dual templating method. 
 

 
Figure 4.14 XRD pattern of SLP (blue line), Zeolite (red line: NaA (a) (Pluth and Smith, 
1980), NaX (b) (Olson, 1995) , and zeolite/SLP composite (black line: BW -NaA (a), BW 
-NaX (b)). 
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    Figure 4.15 presents the SEM images of SLP composites with zeolite NaA 
(SLP-NaA: Figures 4.15a, 4.15b, and 4.15c) and zeolite NaX (SLP-NaX: Figures 4.15d, 
4.15e, and 4.15f). SLP-NaA exhibited crystals with the characteristic morphology of 
zeolite NaA, measuring approximately 0.35-0.92 μm, while SLP-NaX displayed crystals 
resembling zeolite NaX, with a size of around 1.53 μm. In terms of zeolite quantity, 
SLP/zeolite composites contained significantly more zeolite than both LTW/zeolite and 
BW/zeolite composites. 

 

 
Figure 4.15 SEM images with different magnifications of zeolite/SLP composites NaA 
(a) 1000x (b) 5000x (c) 10000x and NaX (d) 1000x (e) 5000x (f) 10000x. 
 
      4.2.3 Zeolite powder before adding into paper pulp 

   In addition to the paper samples, the zeolite powders before being added 
to the paper pulp were also analyzed. These powders were characterized by XRD and 
SEM. Figures 4.16a and 4.16b show the synthesized zeolite NaA and NaX powders, 
respectively, before their addition to the paper pulp. The XRD patterns displayed 
characteristic peaks corresponding to their respective zeolites, confirming that the 
powders were pure zeolite. 
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Figure 4.16 XRD pattern of zeolite NaA (4.15a) and NaX (4.15b) powder before adding 
into paper pulp 
 

   Figure 4.17 presents the SEM images of the zeolite powders before being 
added to the paper pulp. The SEM images showed that both zeolite NaA and NaX 
powders exhibited the same morphology as their respective zeolites in the paper 
composites, in terms of both shape and size. Zeolite NaA particles ranged from 

approximately 0.36 to 0.97 μm, while zeolite NaX particles measured around 1.33 μm. 
 

 
Figure 4.17 SEM images of zeolite powder samples before adding into paper pulp of 
NaA (a) 5000x (b) 10000x (c) 3000x and NaX (d) 5000x (e) 10000x (f) 30000x. 
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      4.2.4 Thermal stability and %zeolite by TGA of paper composites 
    Figure 4.18 presents the TGA (a) and DTG (b) curves of the SLP samples. The 

TGA profiles show that SLP undergoes pyrolysis similar to that of the LTW and BW 
samples, beginning with the loss of water, followed by the decomposition of 
hemicellulose and lignin, respectively. The remaining residue indicates that the SLP 
composites contain significantly higher amounts of zeolite compared to the LTW and 
BW composites. The SLP composites also follow the same trend as LTW and BW, with 
the NaA composites (29.78%) containing more zeolite than the NaX composites 
(19.03%). This is likely due to the smaller particle size of zeolite NaA, which allows it 
to disperse more easily and embed more effectively within the pulp fibers during 
mixing.  
 

 
Figure 4.18 (a) TGA and (b) DTG curves of SLP samples. 
 
      4.2.5 Adsorption isotherm by N2 adsorption of paper composites 

   The surface area, pore diameter, and pore volume were determined using 

N₂ adsorption with an Autosorb iQ instrument. These values were calculated based 
on the quantity of nitrogen adsorbed and desorbed by the material at a constant liquid 
nitrogen temperature of −196°C using the BET method. Due to the low amount of 
zeolite in LTW/zeolite and BW/zeolite composites, it was determined that both 
materials were not suitable for CO2 adsorption. As a result, they were excluded from 
N2 adsorption and CO2 adsorption experiments. Figure 4.19 presents the N2 adsorption–
desorption isotherms of SLP, SLP-NaA, and SLP-NaX. It is worth noting that in the zeolite 
NaA composite, the smaller pore size (4 Å) and the positioning of Na+ cations near the 
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micropore apertures prevented an accurate surface area measurement using nitrogen 
sorption (Madhu et al., 2022). 

 

 
Figure 4.19 Isotherm of SLP materials. 

 
    Figure 4.19 also shows that all materials exhibited nitrogen adsorption, with 

SLP-NaA displaying relatively low adsorption due to the limitations of zeolite NaA. 
However, SLP-NaA still demonstrated increased N2 adsorption compared to SLP. 
According to IUPAC classification, both SLP and SLP-NaA exhibited a type II isotherm, 
indicating their non-porous or macroporous structure (Kajama et al., 2015). SLP-NaX 
showed the highest nitrogen adsorption volume due to its larger pore size, despite 
containing a lower amount of zeolite than SLP-NaA. The type I isotherm classification 
indicated that SLP-NaX had a microporous structure (Schlumberger and Thommes, 
2021). Additionally, all materials exhibited a hysteresis loop, confirming the presence 
of mesopores (Schlumberger and Thommes, 2021). 
      Table 4.1 presents the N2 adsorption isotherm properties of SLP materials. Pore 
size distribution was obtained using the Barrett–Joyner–Halenda (BJH) equation. For 
SLP-NaA, the introduction of zeolite NaA into SLP resulted in a slight increase in BET 
surface area from 8 m²/g to 13 m²/g, attributed to the pore limitations of zeolite NaA. 
In contrast, SLP-NaX exhibited a significant increase in nitrogen adsorption, with a BET 
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surface area of 126 m²/g. This increase was due to the larger pore diameter of zeolite 
NaX, making it more suitable for nitrogen adsorption. 
 
Table 4.1 Surface area, pore volume and diameter of SLP materials. 

 

4.3 CO2 and ethylene adsorption studies 
      4.3.1 CO2 adsorption studies 
     The CO2 adsorption isotherm was obtained using a BELSORP MAX X 
instrument at a 298.15 K, with the pressure range 0–100 kPa. Figure 4.20 presented the 
CO2 adsorption isotherm of SLP samples. The results showed that SLP-NaA exhibited 
the highest CO2 adsorption capacity, surpassing that of SLP-NaX, despite zeolite NaX 
having a larger pore diameter than zeolite NaA. Typically, zeolite NaX would be 
expected to adsorb more CO2 than zeolite NaA (Boer et al., 2023); however, this 
discrepancy was likely due to the higher zeolite content in SLP-NaA compared to SLP-
NaX. When compared to N2 adsorption, SLP-NaA demonstrated superior performance 
in CO2 adsorption. This was attributed to the stronger interaction between zeolite and 
CO2 compared to N2, given that CO2 has a lower kinetic diameter (3.30 Å to 3.64 Å), a 
higher quadrupole moment (13.4 × 10-40 C/m² to 4.6 × 10-40 C/m²), and greater 
polarizability (2.65 × 10–24 cm³ to 1.76 × 10–24 cm³) (Boer et al., 2023). 
 

Sample SBET (m2/g) Pore Volume (cm3/g) Pore Diameter (nm) 

SLP 8 0.01 3.3 

SLP-NaA 13 0.02 3.1 

SLP-NaX 126 0.05 3.1 
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Figure 4.20 CO2 adsorption isotherm of SLP samples. 

 
      The results showed that SLP adsorbed CO2 only 0.036 mmol/g. The addition of 
zeolite significantly increased CO2 adsorption, with SLP-NaA reaching 1.25 mmol/g and 
SLP-NaX reaching 1.11 mmol/g. The CO2 adsorption data were then fitted using a non-
linear curve fit with Langmuir, Freundlich, Toth, and Langmuir-Freundlich isotherm 
models, as shown in Figure 4.21. The corresponding parameter values are presented 
in Table 4.2. The results indicated that both composites followed the Langmuir-
Freundlich isotherm model.  
 

  
Figure 4.21 CO2 adsorption isotherm fitting of zeolite/SLP composites. 
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Table 4.21 CO2 adsorption isotherm fitting of SLP/Zeolite composites. 

Samples 
Correlation coefficients (R2) 

Langmuir 
isotherm 

Freundlich 
isotherm 

Toth 
isotherm 

Langmuir-Freundlich 
isotherm 

SLP-NaA 0.9895 0.9769 0.9986 0.9996 
SLP-NaX 0.9904 0.9802 0.9988 0.9999 

 
      Due to the smaller pore size of zeolite NaA, it exhibited better selectivity than 
zeolite NaX (Boer et al., 2023). This result indicated that SLP-NaA was the most effective 
material for CO2 adsorption, as it had the highest adsorption capacity due to its higher 
zeolite content. Furthermore, SLP-NaA demonstrated potential for use as a selective 
material for CO2 adsorption. 
 
      4.3.2 Ethylene adsorption studies 
     Ethylene-TPD was used to study the adsorption of ethylene on SLP samples, 
compared to TPD runs without gas. Figures 4.22, 4.23, and 4.24 present the results, 
which showed that all samples exhibited desorption at around 200°C, which is likely 
due to residual adsorbed water within the cavities rather than ethylene, as the TPD 
without gas also showed desorption at the same temperature. Both SLP and SLP-NaX 
showed no ethylene-related desorption peaks other than at 200°C. In the case of SLP, 
this is likely because it either does not adsorb ethylene or only adsorbs a very small 
amount. For SLP-NaX, the lack of ethylene desorption may be due to stronger 
interactions between ethylene and the zeolite, requiring a higher temperature for 
desorption. However, temperatures above 200°C pose a risk of decomposing the 
composites, indicating that SLP-NaX is not suitable for ethylene adsorption due to its 
lack of regenerability. 
     In contrast, the ethylene-TPD of SLP-NaA showed a distinct desorption peak 
at 111.5°C, which was not present in the TPD without gas, indicating that this peak is 
likely due to ethylene. Integration of the area under the curve revealed that SLP-NaA 

desorbed ethylene in an amount of 0.034 mmol/g. 
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Figure 4.22 TPD profile of SLP with ethylene (black line) and without TPD (red line). 

 
Figure 4.23 TPD profile of SLP-NaA with ethylene (black line) and without TPD (red 
line). 

 
Figure 4.24 TPD profile of SLP-NaX with ethylene (black line) and without TPD (red 
line). 
 
 



36 
 

    To further confirm ethylene desorption from the samples, zeolite NaA and 
NaX powder samples—prior to their addition to the paper pulp—were analyzed using 
ethylene-TPD following the method of Manadee et al. (2012). Before the analysis, the 
zeolites were degassed at 500°C for 1 hour under a helium atmosphere. After cooling 
to 50°C, ethylene diluted with inert gas (7.5% C2H4/He) was introduced for 30 minutes. 
Subsequently, the zeolites were purged with helium for 1 hour to remove physisorbed 
species. The temperature was then ramped from 100 to 810°C. 

    Figure 4.25 shows the ethylene-TPD results of the zeolite NaA and NaX 
powders. Zeolite NaA exhibited ethylene desorption at 111.7°C and 379.1°C, which 
agrees with the desorption peak observed in the SLP-NaA sample at 111.5°C—further 
confirming that the signal at 111.5°C corresponded to ethylene desorption. In contrast, 
zeolite NaX showed ethylene desorption only at 335.4°C, confirming that the SLP-NaX 
sample did not desorb ethylene below 200°C. These results demonstrated that only 
SLP-NaA was suitable for ethylene adsorption. 

 

 
Figure 4.25 Ethylene-TPD profile of zeolite powder samples before adding into paper 
pulp of zeolite NaA (a) and zeolite NaX (b).



 

 
 

CHAPTER V 
CONCLUSIONS 

 
 Zeolite NaA and NaX in Lead tree wood and bamboo chopstick composites 
were synthesized using hydrothermal methods. The overall gel composition for zeolite 
NaA followed a molar ratio of 6Na2O:Al2O3:SiO2:150H2O, while that for zeolite NaX was 
NaAlO2:4SiO2:16NaOH:88H2O. The XRD patterns of both non-composite Lead tree wood 
and bamboo chopsticks showed characteristic cellulose peaks along with calcite 
impurities. SEM images revealed the presence of zeolite crystals with morphology 
typical of their respective types—cubic for NaA and irregular polycrystalline for NaX. 
TGA results showed that LTW composites contained more zeolite than BW composites, 
with NaA composites exhibiting higher zeolite content than NaX. However, both types 
of wood-based composites had low overall zeolite content and were not suitable for 
CO2 adsorption applications. 
 To address the limitation of low zeolite content in wood composites, paper 
composites made from sugarcane leaves with embedded zeolite were synthesized as 
an alternative. The XRD patterns of the SLP composites displayed similar features to 
those of LTW and BW, but with reduced calcite impurities. SEM images showed 
comparable zeolite morphologies but with a higher density of zeolite crystals in the 
paper matrix. TGA analysis confirmed that SLP composites contained significantly more 
zeolite than wood composites—29.78% for NaA and 19.03% for NaX. Nitrogen 
adsorption studies revealed that the paper composite with zeolite NaX exhibited the 

highest nitrogen uptake, resulting in the largest BET surface area (126 m²/g), despite its 
lower zeolite content. In contrast, the paper composite with zeolite NaA adsorbed 
only a small amount of nitrogen due to the smaller pore size of NaA, leading to a 

modest increase in surface area compared to paper without zeolite (from 8 m²/g to 

13 m²/g). The isotherm type observed for NaA was type II, whereas NaX showed a type 
I isotherm, indicative of microporous structures.
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 The CO2 adsorption study revealed a different trend compared to nitrogen 
adsorption. In this case, the paper composite with zeolite NaA exhibited the highest 

CO2 adsorption capacity (1.25 mmol/g), surpassing that of the NaX composite 

(1.11 mmol/g). This was attributed to the stronger interaction between CO2 and the 
zeolite framework, as well as the higher zeolite content in the NaA composite. Isotherm 
model fitting indicated that the paper/zeolite composites followed the Langmuir–
Freundlich isotherm model. Ethylene adsorption, evaluated by temperature-
programmed desorption (TPD), showed that only the paper composite with zeolite 
NaA was suitable for ethylene adsorption. The NaX composite was not suitable due to 
its lack of regenerability, as desorption required  
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