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ABSTRACT 

 

4982006063:   Polymer Science Program   

Kornkamol Srithammaraj: Electrical Property-Investigation of   

Porous Clay Heterostructures derived from Naturally−Occurring  

Clay Minerals for Smart Packaging 

  Thesis Advisors: Assoc. Prof. Hathaikarn Manuspiya and Prof. 

Rathanawan Magaraphan 155 pp. 

Keywords:  Porous clay heterostructures/ Organic-Inorganic hybrid/ Ethylene 

adsorption/Smart packaging/ Shelf−life 

 

Porous Clay Heterostructure (PCH) is an interesting material to use as entrapping 

system such as ethylene scavenger, respected to its high surface area with uniform and 

specific pore size. PCHs have been prepared by the surfactant-directed assembly of 

mesostructured silica within the two-dimensional galleries of clays. Then, the PCH was 

synthesized within the galleries of Na-bentonite clay by the polymerization of 

tetraethoxysilane (TEOS) in the presence of surfactant micelles. In addition, mesoporous 

clay with organic-inorganic hybrid (HPCH) is modified via co-condensation reaction of 

TEOS with candidate conductive functional groups (thiol group) and metal loading (silver), 

designated as MPPCH and Ag−PCH, to enhance surface conductivity of PCH material for 

using as sensor packaging. Subsequently, all modified PCHs were utilized as ethylene 

scavenger and blended with polypropylene for producing ethylene scavenging films in food 

packaging application with various ratios of clay. The morphological, structural, thermal, 

and mechanical properties were studied and reported in this work. In addition, the modified 

PCHs and polypropylene/modified PCHs nanocomposite films were also evaluated the 

potential uses in active packaging and sensor packaging. 
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บทคัดยอ 

 

 กรกมล ศรีธรรมราช  :   การศึกษาสมบัติทางไฟฟาของดินเหนียวรูพรุนท่ีสังเคราะหจาก

แรดินเหนียวธรรมชาติสําหรับบรรจุภัณฑฉลาด (Electrical Property-Investigation of Porous 

Clay Heterostructures derived from Naturally−Occurring Clay Minerals for Smart 

Packaging)  อาจารยท่ีปรึกษา  :  รศ. ดร. หทัยกานต มนัสปยะ และ ศ. ดร. รัตนวรรณ มกรพันธุ    

๑๕๕  หนา  

 

แรดินเหนียวรูพรุนเปนวัสดุท่ีนาสนใจอยางหนึ่งสําหรับระบบดักจับ เชน ตัวดักจับกาซเอธิ

ลีน เนื่องดวยการมีพ้ืนท่ีผิวท่ีสูงและมีรูพรุนท่ีพิเศษ แรดินเหนียวรูพรุนสามารถเตรียมไดจากการเขา

ไปขยายชั้นแรดินเหนียวดวยสารลดแรงตึงผิว จากนั้นเติมสารจําพวกซิลิกาเขาไปเพ่ือทําการพอลิเมอ

ไรเซชั่นหรือการเกิดพอลิเมอรรอบๆไมเซลลของสารลดแรงตึงผิว นอกจากนี้ไดมีการเพ่ิมหมูฟงกชัน

อินทรียเขาไป เชน หมูดานการนําไฟฟา โดยปฏิกิริยาควบแนนรวมกันของสารอินทรียและอนินทรีย 

เพ่ือเพ่ิมประสิทธิภาพดานไฟฟาของดินเหนียวรูพรุนในการท่ีจะนํามาใชงานบรรจุภัณฑแบบเซนเซอร 

ดินเหนียวรูพรุนท่ีมีการดัดแปรหมูฟงกชันท้ังหมดจะถูกนํามาใชงานเปนตัวดักจับกาซเอธิลีนและจะ

ถูกนํามาผสมกับพอลิโพรพิลีนพรอมดวยอัตราสวนของดินเหนียวรูพรุนท่ีแตกตางกัน เพ่ือผลิตเปน

ฟลมดักจับกาซเอธิลีนสําหรับบรรจุภัณฑอาหาร แรดินเหนียวรูพรุนท่ีมีการดัดแปรหมูฟงกชันจะถูก

นําตรวจสอบคุณสมบัติตางๆ เชน ลักษณะทางสัณฐานวิทยา โครงสรางทางเคมี คุณสมบัติทางความ

รอน และคุณสมบัติเชิงกล นอกจากนี้ฟลมนาโนคอมพอสิตจะถูกนํามาประเมินประสิทธิภาพและ

ศักยภาพในรูปแบบของบรรจุภัณฑแอกทีฟและเซนเซอร 
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CHAPTER I 

INTRODUCTION 

 

Nowadays, smart packaging is very popular for innovative technology in 

packaging. The smart packaging is a package that not only retains the product but 

also adds functionality to the product itself, or to aspects of product consumption, 

convenience and security. The package operates as a smart system incorporating both 

smart and conventional materials and must be capable of adding value across the 

packaging supply chain. Smart packaging is usually divided into 2 types: active 

packaging and intelligent packaging. 

Active packaging is triggered by filling, exposure to UV, release of pressure 

and then continues until the process is exhausted. Many examples of active 

packaging are widget, oxygen scavenger, plain tinplate cans for white fruits and 

modified- atmosphere flexible packaging for meat. The functions of active packaging 

are to extend the shelf-life or to maintain or improve the condition of packaged 

foods. They contain deliberately incorporated components intended to release or 

absorb substances into or from the packaged food or from the environment 

surrounding the food. Active materials are allowed to cause changes in the 

composition or the organoleptic characteristics of the food on condition (Regulation 

on food contact materials, 1935/2004). 

Intelligent packaging is a package which function switches on and off in 

response to change external and internal conditions. Intelligent materials are defined 

as materials that monitor the condition of packaged food or the environment 

surrounding the food and attached as labels, incorporated into, or printed onto a food 

packaging material offer enhanced possibilities to monitor product quality and give 

more detailed information throughout the supply chain (Han, Ho, and Rodrigues, 

2005). Intelligent tags such as electronic labeling, designed with ink technology in a 

printed circuit and built-in battery radio-frequency identity tags, all placed outside 

the primary packaging, are being developed in order to increase the efficiency of the 

flow of information and to offer innovative communicative functions. Diagnostic 

indicators were first designed to provide information on the food storage conditions, 

such as temperature, time, oxygen or carbon dioxide content, and thus, indirectly, 
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information on food quality, as an interesting complement to end-use dates (D. 

Dainelli et al., 2008). 

For food packaging, the main problem of food packaging is quick spoilage 

because of ethylene gas. Ethylene (C2H4) acts as a plant hormone which accelerates 

respiration, leading to maturity and senescence, and ripening of many kinds of fruits. 

Furthermore, ethylene accumulation can cause yellowing of green vegetables and 

may be responsible for a number of specific post harvest disorders in fresh fruits and 

vegetables. Ethylene can also be removed by using a number of chemical processes. 

Many suppliers offer C2H4-scavengers based on potassium permanganate (KMnO4), 

which oxidizes ethylene to acetate and ethanol. In this process, color changes from 

purple to brown indicating the remaining C2H4-scavenging capacity. Products based 

on KMnO4 cannot be integrated into food-contact materials, but are only supplied in 

the form of sachets because KMnO4 is toxic and has a purple color. Rengo Co. 

(Japan) developed `Green Pack', a sachet of KMnO4 embedded in silica. The silica 

adsorbs the ethylene and the permanganate oxidizes it to acetate and ethanol. The 

technology of C2H4-scrubbing has also been transferred to household refrigerators. 

Systems containing a zeolite coated with KMnO4 are now available and are meant to 

be used in consumer refrigerators. Other C2H4-adsorbing technologies are based on 

inclusion of finely dispersed minerals such as zeolites, clays and Japanese soya into 

packaging films. Most of these packaging films, however, are opaque and not 

capable of adsorbing C2H4 sufficiently. Even though the incorporated minerals may 

adsorb ethylene, they also alter the permeability of the films: C2H4 and CO2 diffuse 

much more rapidly and O2 enters more readily than through pure PE. These effects 

can improve shelf-life and reduce headspace C2H4-concentrations independently of 

any C2H4-adsorption. In fact, any powdered material can be used to reach such 

effects.  C2H4-scavengers are not yet very successful, probably because of 

insufficient adsorbing capacity. A large proportion of the fresh fruits and vegetables 

harvested each year are lost due to fungal contamination and physiological damage. 

The C2H4-adsorbing packaging concepts could possibly contribute to an increase in 

the export of fresh produce (L. Vermeiren, 1999). 

According to the structure of porous clay structure (PCH) which has high 

surface area, it can adsorb gas such as oxygen and ethylene gas. The modification of 
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PCH would enhance the efficiency of PCH to eliminate ethylene gas from the 

atmosphere. When modified PCH and organically modified PCH blend with 

thermoplastic polymer, it can be applied as smart packaging films to prolong the 

shelf life of the fresh products. 

From the contents above, one of the goals of this research is to modify the 

PCH and organically modified PCH derived from naturally-occurring clay minerals 

for utilizing as ethylene scavenger in food packaging. Subsequently, these 

synthesized mesoporous materials were blended with polypropylene and investigated 

the properties which correlated to their functions as ethylene scavenger of 

polypropylene-clay nanocomposites. Moreover, the nanocomposite materials will 

play their roles as ethylene indicating system in smart packaging as well. 

This research proposal includes the literature reviews of related work, 

research objectives, methodology, results, discussions, and conclusion. The results 

were divided into 4 chapters; chapter 4 describes the various modified porous clays 

to evaluate the effective functions for active packaging and chapter 5 describes about 

the effect of the amount of thiol group that were incorporated into the modified 

porous clays to exhibit the conductive property. The chapter 6 is about silver loaded 

on the surface of modified PCH to enhance higher the conductivity and play the role 

in ethylene adsorption and the last chapter 7 focuses on the another application of PP 

in electronic part which investigated by dielectric property. 

 



 
 

CHAPTER II 

THEORETICAL BACKGROUND AND LITERATURES 

 

2.1  Packaging Technology 

  

 Packaging is one of the main processes to preserve the quality of food prod-

ucts for transportation, storage, and end use. It slows quality decay and makes distri-

bution and marketing more efficient. Packaging has four basic functions: protection, 

communication, convenience, and containment (Han, 2005). Packages protect prod-

ucts from the external environment; communicate with the customer through written 

texts, brand logo, and graphics; accommodate the lifestyle of the customer, for ex-

ample saving time (ready-to-eat and heat-and-eat meals) or making the manipulation 

and handling of packaged food easier for the customer (examples of convenient fea-

tures are easy opening, resealability, and microwavability), and act as containers for 

differently shaped and sized products, with the goal of optimizing logistic efficiency 

(Yam and Lee, 2012). Secure delivery and the preservation of packaged foods before 

consumption are the main goals throughout the food supply chain. However, loss of 

food quality attributes occurs during distribution and storage due to biological, chem-

ical, and physical degradation (Han, 2013). Up-to-date, two new concepts have great-

ly contributed to achieving an advanced concept of packaging for safer and healthier 

food: the active packaging and intelligent packaging concepts.  

  

 2.1.1  Active Packaging 

  Active packaging is “the package that is intended to extend the shelf-

life or to maintain or improve the condition of packaged food. They are designed to 

deliberately incorporate components that would release or absorb substances into or 

from the packaged food or the environment surrounding the food” (European 

Commission, 2004). To improve the functionality of food packages and give them 

additional functions, different active substances can be incorporated into the pack-

aging material (Preeti et al., 2011). Several active packaging systems have been 

widely reported, such as O2 and ethylene scavengers, moisture regulators, CO2 

scavengers and emitters, antioxidant and antimicrobial controlled-release packages, 
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and devices to control the release or adsorption of flavors and odors (Ghaani et al., 

2016).  

 2.1.1.1  Oxygen Scavengers 

 High levels of oxygen in the package always accelerate quali-

ty deterioration of respiring fruits and lead to an increase in ethylene production. Ex-

cess level of oxygen causes the oxidative changes in vitamins, pigments, lipids, fla-

vor compounds that favors the growth of aerobic microbes (Sanjeev and Ramesh, 

2006). While controlling the oxygen concentration, it is beneficial in protecting the 

fresh fruits against the quality deterioration that is closely associated with oxygen, 

such as off- flavor formation, color change, nutritional value reduction, and safety 

losses. Also low level of oxygen helps in reducing the respiration and ethylene pro-

duction that keeps the fruits fresh longer. Oxygen scavengers are active additives 

used in the packaging system to absorb residual oxygen by means of chemical reac-

tion that remains after the package is sealed. Commonly used substances are iron 

powder and ascorbic acid.  

 2.1.1.2  Humidity Absorbers 

 Fruits produce water by transpiration. To maintain high quali-

ty of fresh fruits, it is important to control the atmospheric relative humidity during 

the storage. Excessive relative humidity inside the package promotes fungal and bac-

terial growth, while excessive water loss from packaged fruits leads to shrinkage and 

loss of quality and sensory properties (Baldwin et al., 1999). Various moisture scav-

engers have been used to modify the package humidity including silica gel, natural 

clays (e.g., montmorillonite), calcium oxide, calcium chloride, and modified starch 

(Chakraverty, 2001). Silica gels can absorb up to 35% of their own weight in water 

that are very useful to maintain dry conditions within packages of dry foods, down to 

below 0.2 water activity while zeolites can absorb up to 24% (Brody et al., 2001). 

 2.1.1.3  Ethylene Absorber 

  Ethylene (C2H4), the growth-stimulating hormone, is respon-

sible for initiating fruit ripening especially in case of climacteric fruits. During the 

senescence stage, ethylene causes the increase in fruit respiration rate, textural and 

color changes in climacteric fruits more as compared to nonclimacteric fruits. There-

fore, by controlling the concentration of the ethylene in the package extends the shelf 
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life of fruit product (Martínez-Romero et al., 2007). There are many commercial ma-

terials to use as ethylene scavenger such as Potassium permanganate (KMnO4), Pal-

ladium (Pd), light-activated titanium dioxide (TiO2), and activated carbon (Martínez-

Romero et al., 2007; Scully and Horsham, 2007). 

 2.1.1.4  Carbon Dioxide Emitter 

  When there is high level of carbon dioxide in the headspace 

of packaged fruits, it retards the growth of aerobic microorganisms and thus reduces 

the respiration and senescence processes (Cao et al., 2007). This technology uses the 

reaction of sodium bicarbonate and hydrating agents such as water with acidulates to 

produce carbon dioxide (Ozdemir and Floros, 2004). One application of this technol-

ogy is developed by SARL Codimer (Paris, France) called VerifraisTM package. 

  2.1.1.5  Antimicrobial Active Packaging System 

  Surface microbial spoilage is the primary cause of shelf−life 

termination of fresh produce. The main reasons for microbial contamination are 

transportation, packaging, uncontrolled harvesting and processing operations (Er-

dogrul and Sener, 2005). Adding antimicrobial agents such as hydrogen peroxide, 

peroxyacetic acid, ozone, chlorinated water, and plant extracts into the washing wa-

ter demonstrates effective antimicrobial activity but is not successful for the total 

elimination of the microbial spoilage on fruit surfaces (Garcia et al., 1998a; Mehyar 

and Han, 2004). This sort of direct application of antimicrobial agents has a limited 

effectiveness because most of the antimicrobial agents interact quickly with food 

compounds and thereby reduce their effectiveness (Mehyar and Han, 2006). The an-

timicrobial agent in active films may either make chemical bond to the surface of the 

film (called immobilized films) or migrate to the food surface (Pap et al., 2002).  

  

 2.1.2  Intelligent Packaging 

 Intelligent packaging also called as smart packaging is the packaging 

which can exist as a monitoring system to monitor some properties of the food. It is 

able to inform the manufacturer, retailer and consumer of the state of these properties 

(Renata, 2014). Intelligent packaging devices are capable of providing assurances of 

tamper evidence, product safety and quality. These are also being utilized in applica-

tions like authenticity of product, anti-theft and product traceability (Chakraverty, 
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2001). Once the package is tampered, the seal or the label may undergo a permanent 

color change. Then the intelligent packaging will serve as informer to consumer 

about such an event that occurred such as package tampering. Intelligent packaging 

devices include biosensors, time-temperature indicators, physical shock indicators, 

microbial growth indicators, and anti-theft, tamper proof, anti-counterfeiting tech-

nologies. 

 2.1.2.1  Time−Temperature Indicators (TTIs) 

   Temperature is definitely the most effectual factor for respira-

tion, microbial, and chemical reactions that impact plant metabolic activity (Erturk 

and Picha, 2008). A skillful control of temperature can retard the deterioration pro-

cess of fresh fruits. Generally, the respiration rate of plants increases twice for each 

increase of 10 °C. Time–temperature indicators or integrators (TTIs) are defined as 

simple and user friendly devices that are used to record and monitor overall influence 

of temperature on the quality of food product from the manufacturer point up to the 

consumer point (Giannakourou et al., 2005). In addition, TTIs have also been used to 

assess the sterilization and pasteurization process (Tucker et al., 2009; Khwaldia et 

al., 2004; Tucker et al., 2007). During transportation and distribution of frozen or 

chilled foods, TTIs are important for food quality and safety and are commonly used 

there. These are also used as freshness indicators for evaluating the shelf life of per-

ishable products. Most TTIs are in the form of self-adhesive labels that can easily 

adhere on the product or package. For instance, Bionest, the largest Spanish organic 

strawberry producer, deployed active RFID tag that supplies information on the re-

maining shelf-life of strawberries. 

 2.1.2.2  Oxygen and Carbon Dioxide Indicators 

  Packaging of fresh fruit is a complicated process because it is 

capable of respiring even after harvesting and therefore may change its own atmos-

phere when present inside a package (De Jong et al., 2005). Indicators are efficient of 

signaling whether there is a gas leakage in the package, or they may be assessed to 

check the low or high concentration or absence of oxygen and/or carbon dioxide.  

  In active packaging, there are many selective additives, depending on their 
applications. In this research, the researchers are interested in synthesizing ethylene 
scavenger for using in the packaging in order to absorb the ethylene gas and also pro-
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long shelf−life of produce by retarding the ripening. In addition, Bentonite is used as 
the raw material in the process because it is from natural, cheap and abundant in 
Thailand. 
 

2.2  Clay Minerals 

  

 Clay minerals, or phyllosilicate, consist of sheets of silica tetrahedral and 

alumina octahedral which are held together by only weak interatomic forces between 

the layers. Owing to their chemical composition and crystal structure, they are divid-

ed into four main groups which are illite, smectite, vermiculite and kaolite. Among 

these, the one that is found to be useful in the field of polymer composites is a group 

of expandable clay known as smectite clay. 

Smectite clay is phyllosilicates or layer silicates having a layer lattice struc-

ture in which two-dimensional oxoanions are separated by hydrated cations 

(Kloprogge et al., 1998). Montmorillonite (MMT), which is the main constituent of 

bentonites, is a mainly species of smectite clay. The structure of MMT is made of 

several stacked layers, with a layer thickness around 0.96 nm and a lateral dimension 

of 100-200 nm (Lertwimolnum and Vergnes, 2005). Its crystal lattice consists of a 

central octahedral sheet of alumina fused between two external silica tetrahedral 

sheets (in such a way that the oxygen from the octahedral sheet also belong to the 

silica tetrahedral), as shown in Fig. 2.1. These layers organize themselves in a paral-

lel fashion to form stacks with a regular gap between them, called interlayer or gal-

lery (Manias et al., 2001).  
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Figure 2.1  Structure of montmorillonite (Morlat et al., 2004). 

 

Isomorphic substitution within the layers (for example, Al3+ replaced by 

Mg2+ or Fe2+, or Mg2+ replaced by Li1+) generates negative charges that are counter-

balanced by alkali and alkaline earth cations situated inside the galleries. This type of 

layered silicate is characterized by a moderate surface charge known as the cation 

exchange capacity (CEC), and generally expressed as mequiv/100 gm. This charge is 

not locally constant, but varies from layer to layer, and must be considered as an av-

erage value over the whole crystal (Manias et al., 2001; Sinha Ray Okamoto., 2003).  

 In the present work, bentonite is a clay mineral used for the preparation of 

polymer-clay nanocomposites. Bentonite is a clay mineral derived from the alteration 

of volcanic ash, comprising predominantly of montmorillonite. Bentonite has unique 

water absorbing and swelling characteristics. These characteristics make bentonite a 

very desirable industrial mineral. The adsorption and ion exchange properties of clay 

minerals effect on many parameters. In addition to electrolyte concentration, pH of 

solution (H+ ion) controls the swelling behavior of expandable clay minerals.  

Altin et al. (1999) determined surface area, pore volume distribution, and 

porosity of montmorillonite after being exposed to aqueous solutions with various 

pH values. For the pH-adjusted montmorillonite, the results demonstrated that the 

micropore and mesopore surface areas were greatly increased by increasing pH due 

to increasing pH creates a more porous structure, since the interlayer repulsive force 

become dominant. Then pore volume distributions showed that lowering pH of 

montmorillonite reduced the mesoporous and microporous. 

Tetrahedral 

Tetrahedral 

Octrahedral 
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2.3  Porous Clay Heterostructure (PCH) 

 

A variety of ordered mesoporous materials have been synthesized by surfac-

tant-templated methods. Porous clay heterostructure (PCH) is a recent class of solid 

porous materials formed by the intercalation of surfactant within the intragalleries of 

clays. Various types of expandable clay could be employed such as hectorite, ver-

miculite, synthetic saponite and montmorillonite for the synthesized of these highly 

porous clays. 

Helena et al. (2009) synthesized porous clay heterostructures (PCHs) via a 

surfactant-directed assembly of Si precursor (tetraethylorthosilicate – TEOS) and 

laponite clay. The self–assembly of PCH induced a break up of plate–like laponite 

clay.  Formation of PCH structures led to an increase of specific surface area, total 

pore volume and average pore diameter. The porous silicate network in PCH ob-

tained with the use of organoclay:TEOS ratio = 1:75 was much more resistant to 

treatment at elevated temperature than the one developed in the solid prepared with 

double amount of TEOS. 

A synthetic saponite was synthesized into the porous clay heterostructure 

(PCH) and used as a catalytic support for the deposition metal (Cu, Fe) oxides. Tran-

sition metal oxides were introduced into the ammonia treated PCH support by the 

ion–exchange method. The treatment of the PCH with ammonia resulted in a slight 

used decrease in a surface area and porosity. Effectiveness of the ion–exchange 

method, used for the introduction of the transition metals, depended on the nature of 

the cations compensating the negative charge of the PCH surface. In the ammonium 

form of PCH (PCH–NH3), a higher amount of copper was introduced than in the 

PCH support not modified with ammonia. Such an effect was not observed for the 

Fe–containing samples. The surface acidity of the samples was investigated by tem-

perature desorption of the ammonia (NH3–TPD). From the results, parent PCH was 

characterized by a rather low surface acidity due to the lowest ammonia sorption 

while the introduction of the transition metal generated more site for the NH3 sorp-

tion because of higher NH3 sorption (Chmielarz et al., 2006).  

Benjelloun et al. (2001) studied the cationic exchange capacities (CECs) of 

two porous clay heterostructures (PCHs), derived from natural montmorillonite 
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(PMH) and synthetic saponite (PSH). Three methods for the formation of +
4NH -

exchanged PCH forms are describe and evaluated: (1) adsorption of ammonia under 

a gas flow on calcined and extracted PCHs in acidified methanol; (2) direct exchange 

in NH4Cl solutions; (3) solvent extraction with NH4Ac/EtOH/H2O. The obtained 

ammonium containing materials are subsequently exchanged for K+ cations in aque-

ous solution in order to determine the CEC of the PCH solids. Several extraction me-

dia were tested for their efficiency in extracting the hexadecyltrimethylammonium 

surfactant from the PCH precursor. The best results were obtained with metha-

nol:water mixture with 9:1 vol%. The resulting extracted materials had a higher spe-

cific surface area and porosity and even a slightly narrower pore size distribution 

than the calcined ones with maxima of 997 m2/g. and 0.76 cm3/g for montmorillonite 

PCH (PMH) and 1118 m2/g and 0.97 cm3/g for saponite PCH (PSH). 

Polverejan et al. (2000) prepared porous clay heterostructures within the 

galleries of synthetic saponite clays with targeted layer charge densities in the range 

x = 1.2-1.7 e- units per Q+x [Mg6](Si8-xAlx)O20(OH)4 unit cell. The CEC value in-

crease in propotional to the aluminum content of the clays. All three saponites were 

used to assemble porous clay heterostructures that were denoted SAP1.2-, SAP1.5-, 

and SAP1.7-PCH, respectively. The removal of the intragallery mixture of neutral 

alkylamine and quaternary ammonium ion surfactant (Q+) by calcination afforded 

PCH intercalates with basal spacing of 33-35 Å. The BET specific surface areas pro-

gressively decreased with increasing aluminum loading from 921 to 797 m2 g-1 and 

the framework pore volumes decreased from 0.44 to 0.37 cm3 g-1. Moreover, these 

materials exhibited the framework pore sizes were in the supermicropore to small 

mesopore region 15-23 Å as can be seen in TEM image (Fig. 2.2). In 2000, they syn-

thesized acid-functionalized porous clay heterostructure from synthetic saponite 

through postsynthesis grafting reactions using AlCl3 and NaAlO2 as alumination 

agents under acid and basic condition, respectively. The amount of tetrahedral alu-

minum incorporated into the saponite gallery structure is correlated with the concen-

tration of aluminum in the grafting solution. However, some loss of gallery 

mesostructure occured at higher aluminum loadings (e.g., Si/Al = 5) with sodium 

aluminate. Depending on the choice of aluminum reagent (AlCl3 or NaAlO2), the Al-
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SAP/PCH derivatives exhibited basal spacing of 32-34.8 Å, BET surface areas of 

623-906 m2/g, pore volumes of 0.32-0.45 cm3/g, and pore sizes in the large mi-

cropore to small mesopore range (14-25 Å).  

 

 

 

 

 

 

 

 

 

Figure   2.2  TEM images of saponite heterostructures ( Polverejan et al., 2000). 

 

2.4  Hybrid Organic-Inorganic PCH 

  

 The interesting way to modify the physical and chemical properties of mes-

oporous silicates is the incorporation of organic components, either on the silicate 

surface or within the walls. Organic modification of the silicates permits precise con-

trol over the surface properties and pore size of the mesoporous materials for specific 

applications. 

 Surface modified mesoporous silica via covalent bonding of organic mole-

cules can be achieved by using two general strategies which are post-synthesis modi-

fication (also called "grafting method") and co-condensation reaction (also called 

"one-pot synthesis") (Stein et al., 2000; Sayari and Hamoudi, 2001). 

 1) Post-synthesis modification. In this approach, it refers to direct grafting of 

a mesoporous support by attachment of functional molecules to the surface of meso-

porous, usually after surfactant removal either by calcination or solvent extraction. 

Furthermore, mesoporous silicates possess surface silanol (Si-OH) groups that can be 

present in high concentration and act as anchoring points for organic functionaliza-

tion. Surface modification with organic groups is most commonly carried out by si-

lylation with a suitable organosilane reagent. 
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2) Co-condensation reaction. In this method, it refer to co-condensation of 

tetraalkoxysilane and one or more organosilane precursors via sol-gel technique to 

produce organic functionalized mesoporous silicates. In this approach, the organic 

moieties are covalently linked via a nonhydrolyzable Si-C bonds to a siloxane spe-

cies, which hydrolyzes to form a silica network. 

D. Nunes et al. (2008) prepared porous clay heterostructure (PCH) by chem-

ical modification, by using a cationic surfactant, a neutral amine, and an equimolar 

mixture of bis(triethoxysilyl) benzene (BTEB) and tetraethyl orthosilicate (TEOS). 

The effect of different polymerization times of the silica sources and of the hydro-

carbon chain length of the neutral amine was studied. The reaction time of 4 h led to 

a material with lower carbon content, higher specific surface area (723 m2 g-1). The 

structural modifications introduced in the final materials by the presence of organic 

aromatic moieties in the pillars were successful in terms of leading to a highly adsor-

bent species favoring VOCs over water, and thus tailored for the adsorption of hy-

drophobic VOCs. 

Ishii et al. (2005) synthesized highly porous silica nanocomposites from a 

clay mineral by a new approach using a pillaring method combined with a selective 

leaching method. Preparation was conducted by applying an HCl/ethanol treatment 

after intercalation and condensation of tetraethoxysilane (TEOS) and/or methytrieth-

oxysilane (MTS) into cetyltrimethylammonium (CTA) ion-exchanged vermiculite. 

The products are porous nanocomposites consisting of TEOS and/or MTS-derived 

polysiloxane and hydrated silica, resulting from the selective leaching process of the 

inorganic constituents and the extraction of CTA ions from CTA-exchanged vermic-

ulite after the intercalation of TEOS and/or MTS. N2–adsorption isotherms revealed 

that the products had high porosity with 1205–715 m2g-1 of BET surface area, owing 

to the multiple pore formations in and between the silicate layers. 

Wei et al. (2004) incorporated phenyl groups into the porous clay hetero-

structures within the galleries of montmorillonite via co-condensation reaction of tet-

raethxysilane and phenylethoxysilane in the presence of surfactant templates (dodec-

ylamine and cetyltrimethylammonium ion), as shown in Fig. 2.3. The surfactant tem-

plates were removed from the pores by solvent-extraction (C2H5OH/HCL).  Depend-

ing on the loading of  phenyl groups, the hybrid porous clay heterostructures had 
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BET surface areas of 390-771 m2g-1, pore volumes of 0.3-0.59 cm3g-1, and the 

framework pore sizes in the supermicropore to small mesopore range (1.2-2.6 nm). 

 

 
 

Figure 2.3  Schematic illustration of mechanism for formation of hybrid porous clay 

heterostructure (HPCH) through surfactant-directed assembly of organosilica  in the 

galleries of clay (Wei et al., 2004). 

  

Nakatsuji et al. (2004) synthesized a microporous clay minerals with organ-

ic-inorganic pillared by using C2H5OH/HCL extraction method after intercalation of 

tetraethoxysilane (TEOS) or TEOS/methyltriethoxysilane (MTS) into the cetyltrime-

thylammonium ion (CTA)-exchanged vermiculite. The BET surface areas increase to 

500 m2g-1 with an increase the HCl concentration to 0.4 moldm-3. A water adsorption 

study showed that the product treated with a TEOS/MTS mixture had a hydrophobic 

surface as a result of the successful incorporation of methyl groups at the surface of 

the pillars. 

 

2.5 Applications of Mesoposous Clay Heterostructures 

 

The first major challenge for the adsorption field is to select the most prom-

ising types of sorbent from and extremely large readily available materials. The us-

age of natural mineral adsorbents is increasing because of their abundance and low 

price. Due to the ability to form mesoporous materials with closely reproducible pore 

size of the PCH and the ability to control surface properties of the hybrid organic-

inorganic PCH, adsorption properties of these materials obtained from the intercala-
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tion of clays attached to the interest. The most extensive work dealt with the adsorp-

tion of heavy metals.    

Mercier and Pinnavaia (1998) demonstrated the first potential environmen-

tal application of a porous clay heterostructure. A heavy metal ion adsorbent that 

bind Hg2+ ions was  prepared by grafting 3-mercaptopropyltrimethoxysilane to the 

intragallery framework walls of a porous fluorohectorite clay heterostructure (PCH) 

as illustrated in Fig. 2.4. The results revealed that the immobilized thiol groups (up to 

67%) were accessible for Hg2+ trapping. 

 

 
 
 
 
 
 
 
Figure 2.4  Grafting of mercaptopropylsilane groups to the inner and outer walls of 
mesostructural silica intercalated in smectite clay (Mercier and Pinnavaia, 1998). 
 

Angela et al., (2009) modified clay by acid treatment followed by immobili-

zation of ligands containing thiol (–SH) groups by covalent grafting with surface and 

interlayer silanol groups. The modification was carried out under anhydrous condi-

tions with (3-mercaptopropyl) trimethoxysilane. The functionalization process 

changed the hydrophilic nature of the clay mineral into hydrophobic. The result 

showed that the functionalized bentonite displayed good binding capacity for Ag+ 

ions (1 mmol/g) compared to the ungrafted materials (0.1 mmol/g). Chemical modi-

fication by silane coupling agents may be a useful tool for the preparation of new ad-

sorbents with high binding capacity and selectivity towards metal ions with applica-

tions for metal separation and pre-concentration purposes. 

The adsorption properties of PCH have been considered in a number of 

studies, particularly when considering adsorption process as the recovery of volatile 

organic compounds or the enrichment of the more valuable fractions of natural or 

land fill gas. Pires et al. (2004) prepared porous materials from a natural smectite by 
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the gallery templated approach, using a quaternary ammonium cation (CTAB) and 

neutral amines with different chain length (octylamine and decylamine). The materi-

als prepared in this work, after calcination at 650 °C, had ABET values in the range of 

600–700 m2 g-1 and micropore volumes near 0.3 cm3 g-1. Furthermore, the samples 

presented pores with widths in the transition between micropores to mesopores. The 

possibility of using such materials as adsorbents of volatile organic compounds, due 

to their textural and hydrophobic characteristics, was studied by the adsorption of 

ethanol, methyl ethyl ketone, and water for comparison. The data from the adsorption 

showed that particularly one sample, decylamine, has interesting properties regarding 

the adsorption of VOCs.  

 Pinto et al. (2005, 2006) prepared composite adsorbent material supporting 

pillared clay in polyurethane foam for application in air filtering systems combining 

the ability of retaining noxious volatile organic compounds (VOC). The pillared clay 

was obtained from a natural montmorillonite by pillaring with aluminium oxide pil-

lars. Adsorption isotherms of nitrogen and toluene were determined to evaluate the 

adsorption capacity of the adsorbent material before and after being support in the 

polyurethane. The result indicated that the pillared clay presented a decrease of about 

97% in nitrogen adsorption capacity and also pronounced decrease in the toluene ad-

sorption capacity. Moreover, they also studied the thermal regeneration of the com-

posite material and the recycling of the adsorbents. The results showed a decrease in 

the adsorption capacity about 60% after regeneration process. However, the recy-

cling of the adsorbent materials was possible since the adsorption capacity of the re-

cycled material was in fact similar to the initial material before being support in the 

polyurethane. 

 Pires (2008) synthesized porous clays heterostructures from Wyoming clay 

and two types of silica sources, the tetraethoxysilane and the phenyltriethoxysilane. 

The use of the two silica sources allowed modifying the porosity and the surface 

chemistry of the adsorbents. The specific surface area, which reached up to 634 m2g-1 

for the sample where only tetraethoxysilane was used, decreased with the increase in 

the proportion of phenyltriethoxysilane. The amounts of adsorbed methane and 

ethane follow the trend of the porous volumes of each sample, but for carbon dioxide 

an inversion was found between the sample where only TEOS was used and the 
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sample prepared with the lowest proportion of PhOS. This observation could be ex-

plained by the specific interaction of the CO2 molecule and it is a consequence of the 

change of the surface chemistry of the materials by the TEOS/PhOS ratio used in the 

synthesis. The selectivity for the separation of the binary mixtures: CO2/CH4, 

CO2/C2H6 and C2H6/CH4, was estimated using a methodology based on the determi-

nation of the equation of state for the Gibbs free energy of desorption of the solid 

adsorbent.The highest separation factors were obtained for the CO2/CH4 system 

when the samples synthesized with only TEOS or with the lowest amount of PhOS 

are used as adsorbents.  

 

2.6  Polymer-Clay Nanocomposites 

  

 Polymer-clay nanocomposites exhibit outstanding properties that are syner-

gistically derived from the organic and inorganic components. They exhibit superior 

mechanical properties, reduced gas permeability, improved solvent resistance and 

enhance ionic conductivity (Galgali et al., 2001). 

Several strategies have been considered to prepare polymer-clay nanocom-

posites. The preparative method are divided into three main group according to the 

starting materials and processing techniques (Sinha and Okamoto, 2003). 

• Intercalation of polymer or pre-polymer from solution: This is based on 

a solvent system in which the polymer or pre-polymer is soluble and the silicate lay-

ers are swellable. The layered silicate is first swollen in a solvent, such as water, 

chloroform, or toluene. When the polymer and layered silicate solutions are mixed, 

the polymer chains intercalate and displace the solvent within the interlayer of the 

silicate. Upon solvent removal, the intercalated structure remains, resulting in poly-

mer/layered silicate nanocomposite. 

• In situ intercalative polymerization method:  In this method, the layered 

silicate is swollen within the liquid monomer or a monomer solution so the polymer 

formation can occur between the intercalated sheets. Polymerization can be initiated 

either by heat or radiation, by the diffusion of a suitable initiator, or by an organic 

initiator or catalyst fixed through cation exchange inside the interlayer before the 

swelling step. 
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• Melt intercalation method: This method involves annealing, statically 

or under shear a mixture of the polymer and organically modified layered silicate 

above the softening point of the polymer. This method has great advantages over ei-

ther in situ intercalative polymerization or polymer solution intercalation. First, this 

method is environmentally benign due to the absence of organic solvents. Second, it 

is compatible with current industrial process, such as extrusion and injection mold-

ing. The melt intercalation method allows the use of polymers which were previously 

not suitable for in situ polymerization or solution intercalation. 

Depending on the strength of interfacial interactions between the polymer 

matrix and layered silicate (modified or not), three different types of PLS nanocom-

posites are thermodynamically achievable, as shown in Fig. 2.5 (Sinha and Okamoto, 

2003). 

• Intercalated nanocomposites: in intercalated nanocomposites, the inser-

tion of a polymer matrix into the layered silicate structure occurs in a crystallograph-

ically regular fashion, regardless of the clay to polymer ratio. Intercalated nanocom-

posites are normally interlayer by a few molecular layers of polymer.  

• Flocculated nanocomposites: conceptually this is same as intercalated 

nanocomposites. However, silicate layers are sometimes flocculated due to hydrox-

ylated edge–edge interaction of the silicate layers. 

• Exfoliated nanocomposites: in an exfoliated nanocomposite, the indi-

vidual clay layers are separated in a continuous polymer matrix by an average dis-

tances that depends on clay loading. Usually, the clay content of an exfoliated nano-

composite is much lower than that of an intercalated nanocomposite. 
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Figure 2.5  Schematically illustration of three different types of thermodynamically 

achievable polymer/layered silicate nanocomposites (Sinha and Okamoto, 2003). 

 

Polypropylene (PP) is one of the most widely used plastics in large volume 

which is a fast growing thermoplastic that dominated the industrial applications due 

to it is  relatively inexpensive, easily modified to meet a wide range of thermal and 

mechanical requirements and suitable for virtually all kinds of processing equipment. 

However, there are many disadvantages such as law toughness and low service tem-

perature (Ding et al., 2005). Many research efforts focus on the preparation of poly-

propylene-clay nanocomposites. But PP does not include and polar groups in its 

backbone, it was thought that the homogeneous dispersion of the silicate layers in PP 

would not be realized. Hence, it is frequently necessary to use a compatibilizer such 

as maleic anhydride modified polypropylene (PP-g-MA). There are two important 

factors to achieve the exfoliation of the clay layer silicates: (1) the compatibilizer 

should be miscible with the polypropylene matrix, and (2) it should include a certain 

amount of polar functional groups in a molecule. Generally, the polypropylenes mod-

ified with maleic anhydride (MA) fulfill the two requirements and are frequently 

used as compatibilizer for polypropylene nanocomposites. However, they have me-

chanical properties lower than the native polypropylene, due to chain scission during 

grafting (Lertwimolnum and Vergnes, 2005). 

Surlyn®/silicate hybrid materials were produced via diffusion-controlled 

polymer in situ sol– gel reactions for tetraethylorthosilicate (TEOS). The silicate up-

take was highly dependent on the water affinity of the particular form of Surlyn®, 

that is, the acid or ionic form. Na+-neutralized Surlyn® demonstrated significantly 

higher swelling in water and a significantly higher uptake of silicate than the corre-

sponding Zn2+ and un-neutralized Surlyn® versions. Evidently, the greater water ca-
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pacity of the Na+ ionomer causes more rapid and complete hydrolysis and condensa-

tion reactions. The silicate phase consists of discrete, essentially round particles with 

diameters of tens of nanometers, a scale that is significantly smaller than the wave-

length of visible light. This accounts for the fact that the composite films are optical-

ly transparent. Given the size of the in situ grown particles, these hybrid materials 

can be classified as nanocomposites (P. R. START., 2003). 

The synthetic routes and materials properties of polypropylene/ montmorillo-

nite nanocomposites are reviewed (Manias et al., 2001). The nanocomposite for-

mation is achieved in two ways: either by using functionalized polypropylenes and 

common organo-montmorillonites, or by using neat/unmodified polypropylene and a 

semi-fluorinated organic modification for the silicates. All the hybrids can be formed 

by solventless melt- intercalation or extrusion, and the resulting polymer/inorganic 

structures are characterized by a coexistence of intercalated and exfoliated montmo-

rillonite layers. Small additions typically less than 6 wt% of these nanoscale inorgan-

ic fillers promote concurrently several of the polypropylene materials properties, in-

cluding improved tensile characteristics, higher heat deflection temperature, retained 

optical clarity, high barrier properties, better scratch resistance, and increased flame 

retardance. 

Alexandre and Dubois (2000) stated a study concern with the melt intercala-

tion of PP chains modified with either maleic anhydride (PP-MA) or hydroxyl 

groups (PP-OH) in octadecylammonium-exchanged montmorillonite (CEC: 119 

meq/100 g). When PP-MA (Mw: 30,000, acid value: 52 mg KOH/g) or PP-OH (Mw: 

20,000, OH value: 54 mg KOH/g) was melt blended under shearing with a same giv-

en amount of modified montmorillonite at 200°C for 15 min, intercalated nanocom-

posites were recovered as demonstrated by the increase in the layer spacing from 

21.7 Å for the initially organomodified montmorillonite to 38.2 and 44.0 Å for PP-

MA and PP-OH based nanocomposites, respectively. Moreover, the results showed 

that intercalation increased when the PP-MA fraction was increased, going up to 72.2 

Å for a PP-MA to clay ratio of 3:1. 
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2.7  Development in the Ethylene Scavenging System 

  

 The quality of food products may deteriorate biologically, chemically and/or 

physically during distribution and sale. Therefore, the packaging requirements for 

foodstuffs are more diverse and complex than those for other products. Active pack-

aging is one of the innovative food packaging concepts that have been introduced as 

a response to the continuous changes in current consumer demands and market 

trends, can be defined as a type of packaging that changes the condition of the pack-

aging to extend shelf- life or improve safety or sensory properties while maintaining 

the quality of food (Hong, 2002). It can be classified into active scavenging systems 

(absorbers) and active-releasing systems (emitter) (Kruijf et al., 2002).  

 One of the most important active packaging concept as ethylene scavenging 

is a great interest. Ethylene (C2H4) has been recognized as a plant hormone control-

ling ripening and senescence in fruit and vegetable. If ethylene produced by fresh 

fruits accumulates in the packaging, it will speed up the respiration rates, reducing 

product storage life. Because of this, many packaging strategies for fresh fruits sensi-

tive to ethylene seek to avoid ethylene accumulation inside the package, thereby lim-

iting fruit senescence (Paz et al., 2005). A lot of ethylene adsorbing substances are 

applied. Most of these are supplied as sachets or integrated into films. 

 There are diversified ethylene scavenging systems. Many supplier offer eth-

ylene scavengers based on potassium permanganate, which oxidizing ethylene to 

acetate and ethanol. This substance is not integrated directly into food contact mate-

rials because of its toxicity. In addition, metal catalyst (e.g. palladium) on activates 

carbon can effectively remove ethylene. Other scavenging materials are based on in-

clusion of finely dispersed minerals such as zeolites and clays into packaging film. 

Unfortunately, these packaging films are not capable of adsorbing ethylene suffi-

ciently, although the incorporated minerals may adsorb ethylene (Vermeiren et al., 

1999). 

 Kim et al., (2005) studied binary adsorption of very low concentration eth-

ylene and water vapor on mordenites (MORs), both in sodium type (NaMOR) and 

proton type (HMOR). In the binary adsorption, all MOR showed linear adsorption 

fore ethylene in very low concentration range and the amount of ethylene decreased 
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as compared with the adsorption of single component. In case of the single compo-

nent adsorption, the adsorption isotherm of ethylene on HMOR implied two kind of 

adsorption sites. The one, such as BrÖnsted acid site, has strong acidic property and 

strong interaction with ethylene. Conversely, the Si-O-Si and silanol group interact 

weakly with ethylene. 

 Ilkenhans et al., (2008) observed a new palladium-promoted material with 

significant ethylene adsorption capacity. Materials were tested for ethylene scaveng-

ing ability in the presence of fruit. A banana was monitored by GC analysis for 24 h 

to measure changes in the gas composition in a 1- l vessel. After this time the eth-

ylene level rose to ~5 μl l−1. When the experiment was repeated with the Pd-based 

absorber, no ethylene was detected over 24 h (the minimum detection limit was ~0.5 

μl l−1 ethylene).  

 Kasinee et al., (2008) synthesized PCH with methoxysilane (MTS) to obtain 

hybrid organic- inorganic PCH (HPCH) which then was blended with polypropylene 

to be evaluated as an ethylene scavenging film in active packaging application. The 

results showed that PCHs have surface areas of 501-668 m2/g, an average pore diam-

eter in the supermicropore to small mesopore range of 3.01-3.85 nm, and a pore vol-

ume of 0.43-0.64 cc/g, while HPCHs have a result of 469-582 m2/g, 3.19-3.88 nm, 

and 0.33-0.49 cc/g, respectively. According to ethylene adsorption capacity and eth-

ylene permeability test, HPCHs shows the enhancement of the hydrophobicity and 

plays an important role in ethylene adsorption. Both PCHs and HPCHs significantly 

effect on the ethylene barrier property of the nanocomposite films. 

 

2.8  Capacitor 

  

 A capacitor is a device which stores electric charge. Capacitors vary in 

shape and size, but the basic configuration is two conductors carrying equal but op-

posite charges (Fig. 2.6). Capacitors have many important applications in electronics. 

Some examples include storing electric potential energy, delaying voltage changes 

when coupled with resistors, filtering out unwanted frequency signals, forming reso-

nant circuits and making frequency-dependent and independent voltage dividers 

when combined with resistors. Some of these applications will be discussed in latter 
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chapters.  

 

 
 

Figure 2.6  Basic configuration of a capacitor.  

  

 In the uncharged state, the charge on either one of the conductors in the ca-

pacitor is zero. During the charging process, a charge Q is moved from one conduc-

tor to the other one, giving one conductor a charge +Q, and the other one a charge -Q. 

A potential difference ∆V is created, with the positively charged conductor at a high-

er potential than the negatively charged conductor. Note that whether charged or un-

charged, the net charge on the capacitor as a whole is zero.   

 The simplest example of a capacitor consists of two conducting plates of 

area A, which are parallel to each other, and separated by a distance d, as shown in 

Fig. 2.7. 

 
 

Figure 2.7  A parallel-plate capacitor. 

  

 Experiments show that the amount of charge Q stored in a capacitor is line-

arly proportional to ∆V, the electric potential difference between the plates.  
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𝑄𝑄 = ∁|∆𝑉𝑉|     (2.1) 

 

 Where ∁ is a positive proportionality constant called capacitance.  Physically, ca-

pacitance is a measure of the capacity of storing electric charge for a given potential 

difference ∆V. The SI unit of capacitance is the farad (F). 

1 F = 1 farad = 1coulombvolt = 1 C/V 

A typical capacitance is in the picofarad (1 pF = 10-12F) to millifarad range, 

(1 mF = 10-3F = 1000 μF; 1 μF = 10-6F). Figure 2.8 (a) shows the symbol which is 

used to represent capacitors in circuits. For a polarized fixed capacitor which has a 

definite polarity, Fig. 2.8 (b) is sometimes used. 

 

    
(a)                (b) 

 

Figure 2.8  Capacitor symbols (a) in circuit and (b) polarized fixed. 

      

 In case of parallel-plate model, the simplest model capacitor, consists of two 

thin parallel conductive plates separated by a dielectric with permittivity ε (Fig. 2.9). 

This model may also be used to make qualitative predictions for other device geome-

tries. The plates are considered to extend uniformly over an area A and a charge den-

sity ±ρ = ±Q/A exists on their surface. Assuming that the length and width of the 

plates are much greater than their separation d, the electric field near the center of the 

device is uniform with the magnitude E = ρ/ε. The voltage is defined as the line inte-

gral of the electric field between the plates. 

 

𝑉𝑉 =  ∫ 𝐸𝐸𝐸𝐸𝐸𝐸 = ∫ 𝜌𝜌
𝜀𝜀
𝐸𝐸𝐸𝐸 =  𝜌𝜌𝜌𝜌

𝜀𝜀

𝜌𝜌
0

𝜌𝜌
0 =  𝑄𝑄𝜌𝜌

𝜀𝜀𝜀𝜀
     (2.2) 
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Figure 2.9 Two conducting plates separated by a dielectric material with area (A) and 

separation distance (d). 

 

 Solving this for C = Q/V reveals that capacitance increases with area of the 

plates, and decreases as separation between plates increases. 

 

∁ =  𝜀𝜀 𝜀𝜀
𝜌𝜌
     (2.3) 

 

 The capacitance is therefore greatest in devices made from materials with a 

high permittivity, large plate area, and small distance between plates. 

 In the present research work, ethylene adsorbing capacity of packaging 

films was enhanced by nanoclay filler which is synthesized to mesoporous structures 

and then also incorporated with organic moiety to improve organophillicity of this 

ethylene scavenger. Moreover, some part of this research work was relevance with 

conductivity test of the packaging films in order to evaluate the potential use of PCH 

and modified PCHs in ethylene indicating system.  

 



 
 

CHAPTER III 

EXPERIMENTAL 

 

3.1  Materials 

  

Sodium bentonite (Na-BTN), with a cation exchange capacity (CEC) of 44.5 

meq/100g of clay, was supplied by Thai Nippon Chemical Industry Co., LTD. 

(Thailand). Cetyl trimethy lammonium bromide (CTAB), cethyltrimethyl ammonium 

chloride (CTAC) performing as the cationic surfactants, and chemical substances such 

as tetraethyl orthosilicate (TEOS), for use as a silica source, methyltriethoxysi lane 

(MTS), (3–mercaptopropyl) trimethoxysilane (MPTMS), for modifying HPCH and 

MPPCH, Dodecylamine, Ascorbic acid , and Silver nitrate (AgNO3), were purchased 

from Fluka, Acros, and Merck, respectively. Polypropylene (PP) (Moplen HP525N, 

MFI 11) and Surlyn® (PC 350, MFI 5) were provided by HMC Polymers Co., Ltd. 

(Thailand) and DuPontTM. 

  

3.2  Methodology 

 

3.2.1  Synthesis of Porous Clay Heterostructures 

Purified bentonite (BTN) was changed into a quaternary ammonium 

exchange form by ion exchange with CTAB and was stirred at 50 °C. After that, the 

sample was filtered, washed with a mixture of methanol and water and then air-dried 

overnight. The obtained organoclay was stirred in dodecylamine at 50 °C for 30min 

before adding the TEOS at a molar ratio of organoclay:dodecylamine:TEOS of 

1:20:150. The resulting suspension was stirred at 37 °C for 4h. The suspension was 

filtered and air-dried overnight to form the as-synthesized PCH. Then the surfactant 

was removed from the as-synthesized PCH by solvent extraction using a mixture of 

methanol and HCl solution. Typically, 1g of the as-synthesized PCH was added to 5ml 

of HCl and 45ml of methanol and was refluxed for 2 h. 
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 3.2.2  Synthesis of hybrid organic–inorganic porous clay heterostructures 

with functional groups 

 According to the previous PCH forming step, a mixture of TEOS and 

MTS in a mole fraction of 0.5:0.5 was added and stirred for a further 12 h at 35 °C. 

For the conductive functional group, the mixture of TEOS and MPTMS, in a mole 

fraction of 1:1, was added under N2 atmosphere and stirred for a further 24h at room 

temperature. The obtained modified PCHs were collected by filtration and air-dried 

overnight at room temperature. Then the surfactant was removed from the as-

synthesized modified PCH by solvent extraction. The modified PCHs by MTS and 

MPTMS are named HPCH and MPPCH, respectively. 

 

3.2.3  Synthesis of Hybrid Organic-Inorganic PCHs with Conductive 

Functional Groups (MPPCHs) 

  According to the previous PCH forming step, the mixture of TEOS and 

MPTMS was added under N2 atmosphere and stirred for a further 24 h at room 

temperature with various molar ratios of MPTMS: TEOS of 1:1, 2:1, and 4:1. The 

obtained modified PCHs were collected by filtration and air-dried overnight at room 

temperature. Then the surfactant was removed by solvent extraction using a mixture 

of methanol and HCl solution. Typically, 1 g of the modified PCHs was added into the 

5 ml of HCl and 45 ml of methanol, and was refluxed for 2 h. The modified PCHs 

were abbreviated as MPPCH (1:1), MPPCH (2:1), and MPPCH (4:1), respectively. 

 

3.2.4  Synthesis of Hybrid Organic-Inorganic PCHs by Silver Loading 

Next, PCH was suspended in the mixture of AgNO3 and ethanol with 

various contents of silver in 1 wt%, 5 wt%, 10 wt%, 20 wt%, and 30 wt% to PCHs at 

30 °C. After 1 hour, the 0.1 M ascorbic acid was dropped into the suspension to reduce 

Ag+ to Ag0, designated as Ag-PCH. The Ag-PCH was collected by filtration and air-

dried overnight   

 

3.2.5  Preparation of Polypropylene/clay Nanocomposite Film  

  The 1, 3, and 5 wt% modified PCHs, 2 wt% surlyn®, and PP were 

prepared by using twin‐screw extruder ( LabTech type LHFS1-271822 co-rotating; 
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non-intermeshing twin screw extruder) with an L/D ratio of 40 and a screw diameter 

of 20 mm. The operation temperature was performed at 160, 165, 170, 175, 180, 185, 

190, 200, 210 and 215 °C from hopper to die respectively and the screw speed was 30 

rpm. 

 

 3.2.6  Fabrication of Nanocomposite Films  

  The nanocomposite films were prepared by using blown film extrusion 

machine. The nanocomposite pellets were dried in an oven prior to blowing. The 

following extrusion conditions were employed: the rotation speed of the screw was 

around 50 rpm and the blowing ratio was 1.52. The barrel and mold temperature were 

210 °C. The thickness of the films was controlled to about 40 µm.   

 

3.3  Characterization 

 

 3.3.1  X-Ray Fluorescence Spectrometry 

 The elemental analysis of the pristine clay and the modified PCHs was 

carried out by using X-ray fluorescence (Axios PW4400, SciSpec Co., Ltd). The 

excitation source was an X-ray tube with thin silver as the primary filter, operating at 

a tube voltage of 35 kV. 

 

 3.3.2  X-Ray Diffractometry (XRD) 

 An X-ray diffractometer (XRD) was used to obtain the d-value of the 

bentonite and the organoclay to investigate the crystal structure of materials .The X-

Ray diffraction patterns were measured on a Rigaku Model Rigaku Model Smart Lab 

Guidance (Rigaku, Japan) with Ni-filtered CuKα  radiation at 40 kV and 30 mA. For 

WAXS mode, the powder samples were observed on the 2θ range of 2 to10 degrees 

with a scan speed of 2 degrees/min and a scan step 0.01 degree.  SAXS mode was 

operated at 45kV, 200mA, and on the 2θ range of 0.1  ot 8 degrees with a scan speed 

of 0.5 degrees/min and a scan step 0.02 degrees. 
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 3.3.3  Surface Area Analysis (SAA) 

  The  N2 adsorption desorption–isotherms were obtained at -196 °C on 

a Sorptomatic analyzer. The samples were degassed at 150 °C for 15 h in a vacuum 

furnace before analysis. Specific surface areas were calculated using the BET 

equation. The pore size distributions were constructed based on The Barrett, Joyner, 

and Halenda (BJH) method using the adsorption branch of the nitrogen isotherm. 

 

 3.3.4  Fourier Transform Infrared Spectroscopy (FT-IR) 

 The FT-IR spectra of bentonite, organoclays, and modified MPPCHs 

were obtained by using a Nicolet Nexus 670 FT-IR spectrometer (Becthai Co.Ltd, 

Bangkok, Thailand) in the frequency range of 4000-400 cm-1 with 32 scans/min at a 

resolution of 2 cm-1. The KBr pellet technique was used in the preparation of the 

powder samples. The incorporation of the organic group into the silicate network was 

investigated by using FT-IR. 

 

 3.3.5  Scanning Electron Microscopy (SEM) 

  Scanning electron microscopy was performed with Hitachi S-4800 

Model to observe the surface morphology of all modified PCHs at 5 kV. The samples 

were sputtered with a thin layer of platinum for 180 seconds prior to the observation. 

 

  3.3.6  Transmission electron microscopy 

JEOL Ltd, Tokyo, Japan has been supplied for JEM-2100 electron 

microscope with an accelerating voltage of 160kV to observe the structure of the pores 

and the dispersion of PCH in the polymer matrix of the nanocomposites. The TEM 

samples were prepared by suspension on 300 mesh copper grids. 

 

 3.3.7  Optical microscopy  

The OM images were captured by Leica optical microscopy model DM 

RXP using the magnification of 20 times for objective lens and 10 times for the 

camera. The observation was done on surface of PP/modified PCHs nanocompos ite 

films. 
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3.3.8  X-ray photoelectron spectroscopy (XPS) 

Both qualitative and quantitative analysis of all specimens were 

examined by XPS (Kratos axis ultra DLD model) with a monochromatic x-ray sorce 

(Al Kα anode). The base pressure during experiments was 3x10-9 Torr and analyzed 

area was 700x300 µm2. Pass energy 160 eV was used for wide scan in order to get 

percentage of atomic concentration of Si2p, C1s, O1s, Ag3d compositions. Moreover, 

for quantitative analysis, narrow scan with pass energy 40 eV was used for Si2p, C1s, 

O1s and Ag3d spectra. Then all spectra were referenced to the Ag3d(3/2,5/2) peak at 368 

eV and 374 eV, respectively.  

 

3.3.9  Differential scanning calorimetry (DSC) 

Differential Scanning Calorimeter (METTLER, DSC822) was used to 

measure the crystallization and melting behavior of the PP/modified PCHs 

nanocomposites. The samples were heated and cooled from 30-200 °C, using a 

heating/cooling rate of 10 °C min-1 in a nitrogen. 

 

  3.3.10  Thermogravimetric Analysis (TGA)  

  TGA analysis was performed with a TA Instruments TGA 2950 over 

a temperature range 30-700 °C at a heating rate of 10 °C/min under N2 atmosphere of 

200 ml/min. The decomposition temperature and weight loss were measured.  

 

3.3.11  Tensile Properties  

 Tensile test of PP/modified porous clay nanocomposite fims were 

carried out by a LLOYD Universal Testing Machine model 4206 by ASTM D 638. A 

gage length of 50 mm was employed with a crosshead speed of 50 mm/min and preload 

0.01 N. 

 

 3.3.12  Gas Chromatography for Ethylene Adsorption 

  A gas chromatograph with a flame ionization detector was utilized to 

examine the ethylene adsorption capacity of the modified PCHs. Ethylene adsorption 

was measured by placing each product in a chamber (0.6 l), then sealing it with a 
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screw-cap lid. Ethylene was injected into a jar to give a specific concentration of 5000 

ppm. Ethylene concentration in the chamber was measured periodically, about once 

per hour by injecting into the gas chromatograpgy (GC).  The ethylene adsorption was 

calculated by taking the difference between the amount of ethylene added and the 

amount remaining in the headspace. 

 

 3.3.13  Conductivity Measurement  

  The electrical conductivity of the mesoporous materials were 

observed using Impedance test by LCR meter (Agilent E4980A) as the function 

between Z (ohm) and θ (radian). The clay pellets were covered with platinum and 

placed between the 2 probes and the tests were run at 20 Volts with varying frequency 

from 20 Hz to 1 MHz. Finally, the results were calculated by Nyquist’s plot to obtain 

the semi circle and find the resistivity from the intersect of x axis at the high frequency. 

 

 3.3.14  Keithley Electrometer for Conductivity Measurement 

  The electrical conductivity of the nanocomposite films were observed 

using Keithley Electrometer with 6517B Hi-R test. The film was placed between the 

2 probes in the vacuum box. The tests were run by varying the voltages in 1, 5, 10, 20 

and 100 Volts and then calculated the electrical conductivity from plotting between 

the current and the applied voltage. The volume resistivity was calaculated by using 

the Equation (3.1). 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑟𝑟𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  22 .9
𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑖𝑖𝑐𝑐

 × 𝑉𝑉
𝐼𝐼

 (𝑉𝑉ℎ𝑉𝑉 ∙ 𝑐𝑐𝑉𝑉)   (3.1) 

 

 3.3.15  Dielectric Property  

 The dielectric properties of the samples were measured at various 

frequencies and temperatures. The dielectric properties of the samples with a function 

of temperature (173 K to 373K) were measured by a LCR meter (HP 4284A) under 

He atmosphere with the heating and cooling rate of 3 K/min and also collected as a 

function in diamater. The tests were investigated the capacitance (C) of the samples. 
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Then, the dielectric constant (k) was calculated from the capacitance by using Equation 

(3.2). 

 

𝐶𝐶 =  𝜀𝜀0𝑘𝑘𝐴𝐴 
𝑑𝑑                                                           (3.2) 

 

Where C is capacitance of the composite (F), ε0 is dielectric constant of the free space 

(8.85 × 10-12 F/m), A is electrode area (m2), and d is distance between electrodes, 

i.e.thickness of the samples (m). 

 

 3.3.16  Thermal Expansion Property 

  Thermal expansion of the samples was carried out by using a 

dilatometer. The measurement was performed at the various temperture from 373 K to 

173 K under the N2 atmosphere. The samples were cut intio the bar shape ( 3.00 mm 

× 7.00 mm × 3.00 mm) before testing. The parameters were calculated by using 

Equation (3.3). 

 
∆𝐿𝐿  
𝐿𝐿0

=  𝛼𝛼∆𝑇𝑇     (3.3) 

 

Where ∆L is change in length (m), α is linear expansion coefficient (K-1), ∆T is change 

in temperature (K). 

 

 3.3.17  Breakdown Strength Measurement 

  The breakdown strength of the nanocomposite films was observed by 

using 175Y8S electric puncture tester. The nanocomposite films were placed between 

the metal plates (sphere shape). All measurements were performed under the air 

atmosphere.  

 



 
 

 

CHAPTER IV 
 

MODIFIED POROUS CLAY HETEROSTRUCTURES BY ORGANIC–

INORGANIC HYBRIDS FOR NANOCOMPOSITE ETHYLENE 

SCAVENGING/SENSOR PACKAGING FILM 

 

4.1  Abstract 

 

Porous clay heterostructures (PCHs) were prepared by the surfactant‐

directed assembly of mesostructured silica within the two-dimensional galleries of 

clays. PCH is an interesting material for use as an entrapping system (for example, as 

an ethylene scavenger) because of its high surface area with uniform and specific pore 

sizes. In the present work, the PCH was synthesized within the galleries of bentonite 

by the polymerization of tetraethoxysilane (TEOS) in the presence of surfactant 

micelles. In addition, mesoporous clay was modified by an organic–inorganic hybrid 

material through the co-condensation reaction of TEOS with the functional groups 

(methyl and thiol) designated as hybrid organic–inorganic PCH (HPCH) and 

mercaptopropyl functionalized PCH (MPPCH), respectively. The synthesized PCH, 

HPCH and MPPCH were blended with polypropylene (PP) to produce PCH/PP, 

HPCH/PP and MPPCH/ PP for ethylene scavenging blown films. All nanocompos ite 

films were evaluated as ethylene sensors by measuring the conductivity changes by the 

attachment time with the ethylene gas. According to the surface characterization, the 

specific surface areas of modified PCHs increased from 31 to about 500 m2/g. From 

the ethylene adsorption results, the PCH, HPCH and MPPCH show higher efficiency 

in adsorbing ethylene gas than those of bentonite because of the non-polar property of 

the modified functional groups. Subsequently, the electrical conductivity of the 

nanocomposite films decreased when they react with the longer attachment time to the 

ethylene gas, and the largest conductivity drop resulted from the MPPCH/PP 

nanocomposite films. 

KEY WORDS: porous clay heterostructure (PCH); organic–inorganic hybrid; ethylene 

scavenger; sensor packaging 
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4.2  INTRODUCTION 

 

Prolonging the shelf life of products requires packages that can preserve the 

freshness as long as they can before serving to consumers. This is the reason why the 

packaging industry would carry out research and develop these packages: active 

packaging and smart packaging. Active packaging is a package that can change the 

condition of the package to extend the shelf life of food products such as ethylene 

scavenger and oxygen scavenger. Smart packaging is the package that can indicate the 

shelf life and the freshness of food products during transportation and storage. It 

consists of a sensor or a component that can monitor and provide the information of 

the package; for example, when vegetables and fruits begin to ripen, the color of the 

package is changed for indicating the deteriorated conditions in the package. These 

packages are useful for sellers and consumers to consider the quality of the products.1,2 

Because most of the products get spoiled very easily before reaching the consumers, 

our research group has introduced new filler that has been added into the packaging to 

prolong shelf life and monitor the deteriorated condition of the products. 

Recently, one of the technologies in developing active and smart packaging 

is nanocomposite films containing mesoporous material to improve the properties of 

the films. The usual way to use mesoporous materials is the adsorption field, i.e. as 

ethylene scavengers and heavy metal adsorbents.3 Clay is one of the most popular 

starting materials for preparing mesoporous material. Porous clay heterostructure 

(PCH) is a well‐ known solid porous material derived from the intercalation of a 

surfactant within the galleries of the clays. Moreover, PCH can be modified by 

functional groups to be hybrid organic–inorganic PCH (HPCH) for use in many 

applications.4–7 

The best way to modify the physical and chemical properties of mesoporous 

silicates is to incorporate organic components on the silicate surface. There are two 

methods of incorporating the organic compounds on the silicate surface post-synthes is 

modification (grafting method) and co-condensation reaction (one-pot synthes is). 

Organic modification of the silicates can provide and control over the surface 

properties and pore size of the mesoporous materials and will improve the affinity of 

the organic compound for use in specific applications.8–10 
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To synthesize PCH, clay is expanded when the cations in the galleries of the 

clay are exchanged with a cationic surfactant, such as cetyltrimethylammonium 

bromide (CTAB), to allow an easier path to the galleries of clay. Then the clay galler ies 

are further expanded by a neutral amine (dodecylamine). Next, a silica source such as 

tetraethyl orthosilicate (TEOS) partially replaces the neutral amine, and the reactions 

between the surfactant and the silica source exhibit micellar assemblies in the galler ies 

of the clay.11–16 Modification of the polymerization source allows for the control of the 

acidity of the intragalleries of the clay, which can also be tuned by the reaction with 

the reactive silanol group on the surface.14,17 

Recently, 3-mercaptopropyl triethoxysilane (MPTMS) was used to modify 

PCH for use in many applications such as heavy metal removal and proton exchange 

membrane. For heavy metal removal, heavy metals can be removed from waste water 

by binding with the thiol groups of the MPTMS, and then they are eluted by a solvent.1 8  

From this application, small hydrocarbon molecules are bonded and captured in the 

pores by the thiol groups on the surface of clay, and then they are removed out from 

the system. Marshall et al., (2007) used MPTMS to modify a new proton exchange 

membrane. Silica source or clay was functionalized with MPTMS to bind the thiol 

groups (―SH) on the surface of clay and then oxidized with H2O2 leading to sulfonic 

group (―SO3H). The porous clay heterostructure was added into the Nafion membrane 

to improve proton exchange membrane in fuel cell system working at elevated 

temperatures.19 

For packaging application, modified PCHs were blended with polypropylene 

(PP) to produce nanocomposites, and Surlyn® (DuPont) was used as a compatibilizer. 

The addition of Surlyn® resulted in a progressive enhancement in both moduli and 

complex viscosity, which could be attributed to the effect induced by the improved of 

clay dispersion.20  In 1998, Wang et al. added zeolite into low-density polyethylene 

(LDPE) to perform the active packaging. The zeolite-filled polymer film showed a 

good ethylene adsorption.21 Next, the active packaging was developed to provide many 

applications such as ethylene scavenger, oxygen scavenger and carbon dioxide 

scavenger by adding some scavengers like O2 absorber, KMnO4 and CaCO3.1 Recently, 

there were many attempts to develop the active packaging to be available for many 

applications. For example, microporous earthenware sheet was used as a choice to 
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combine with plastic box for maintaining the food product instead of only plastic sheet. 

It was able to provide a broader control of modified atmosphere packaging because of 

its unique permeability and also attain an optimal condition of the produce. In addition, 

CaCO3 was added into PP to improve many properties of PP such as thermal and 

mechanical properties. CaCO3/PP film also decreased gas permeability of oxygen and 

carbon dioxide and showed the efficiency of CaCO3 effect on the antimicroorganism 

growth.22,23 

The objective of adding the functional group on the surface of clay is to 

improve the ability in ethylene adsorption and electrical conductivity sensing during 

adsorbing the ethylene gas. The PCH was modified by methyltriethoxysilane (MTS) 

to have the attached methyl (―CH3) group for increasing ethylene adsorption with 

non-polar property on the surface of clay that can be used as active filler in ethylene 

scavenger packaging. Furthermore, thiol group (―SH) was functionalized on the 

surface of clay to be an ethylene sensor. By entrapping the ethylene gas on the surface 

of the PCH, free electron densities on the methyl and thiol groups are reduced, and the 

electrical conductivity of the functionalized PCHs is expected to decrease. This 

changing mechanism can be applied to fabricate an ethylene sensor packaging film. 

 

4.3  EXPERIMENTAL PARTS 

 

4.3.1  Raw Materials 

 Pristine sodium bentonite, with a cation exchange capacity (CEC) of 

44.5meq/100g, was kindly supplied by Thai Nippon Co., Ltd. (Thailand). CTAB, 

performing as the cationic surfactant, and chemical substances such as MTS and 

MPTMS were purchased from Fluka and Acros by S.M. Chemical Supplies Co., Ltd. 

(Thailand), respectively. PP (Moplen HP525N, MFI 11) was provided by HMC 

Polymers Co., Ltd. (Thailand). 

 

4.3.2  Synthesis of Porous Clay Heterostructures 

 Purified bentonite (BTN) was changed into a quaternary ammonium 

exchange form by ion exchange with CTAB and was stirred at 50°C. After that, the 

sample was filtered, washed with a mixture of methanol and water and then air‐ dried 



37 
 

overnight. The obtained organoclay was stirred in dodecylamine at 50°C for 30min 

before adding the TEOS at a molar ratio of organoclay:dodecylamine:TEOS of 

1:20:150. The resulting suspension was stirred at 37°C for 4 h. The suspension was 

filtered and air‐ dried overnight to form the as‐ synthesized PCH. Then the surfactant 

was removed from the as‐ synthesized PCH by solvent extraction using a mixture of 

methanol and HCl solution. Typically, 1g of the as‐ synthesized PCH was added to 

5ml of HCl and 45ml of methanol and was refluxed for 2 h. 

 

4.3.3  Synthesis of Hybrid Organic–Inorganic Porous Clay Heterostructures   

with Functional Groups 

According to the previous PCH forming step, a mixture of TEOS and 

MTS in a mole fraction of 0.5:0.5 was added and stirred for a further 12 h at 35°C. For 

the conductive functional group, the mixture of TEOS and MPTMS, in a mole fraction 

of 1:1, was added under N2 atmosphere and stirred for a further 24 h at room 

temperature. The obtained modified PCHs were collected by filtration and air‐ dried 

overnight at room temperature. Then the surfactant was removed from the as‐

synthesized modified PCH by solvent extraction. The modified PCHs by MTS and 

MPTMS are named HPCH and MPPCH, respectively. 

 

4.3.4  Preparation of Nanocomposites 

A 1wt.% PCH, HPCH and MPPCH, 2wt.% Surlyn ionomer and PP 

were melt blended in a Collin model T‐ 20 co‐ rotating twin‐ screw extruder with 

L/D=30 and D=25mm; the processing conditions were as follows: temperature (°C) 

80, 160, 180, 195, 205 and 215 from hopper to die, respectively, and the screw rotation 

was 50rpm. Each composition was premixed in a tumble mixer before being 

introduced into the twin‐ screw extruder to be well mixed and extruded through a 

single strand die and then solidified with cold water and pelletized. The obtained pellet 

was dried in an oven. 

 

4.3.5  Fabrication of nanocomposite films 

 The nanocomposite films were prepared by using blown film extrusion 

machine. The nanocomposite pellets were dried in an oven prior to blowing. The 
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following extrusion conditions were employed: the rotation speed of the screw was 

around 50 rpm, and the blowing ratio was 1.52. The barrel and mold temperature were 

210 °C. The thickness of the films was controlled to about 40 µm. 

 

4.3.6  Characterization 

4.3.6.1  X-ray Fluorescence Spectrometry 

 Oxford Instruments, Tubney Woods Abingdon, Oxfordshire, 

UK has been supplied for X-ray fluorescence model ‘ED2000’ to analyze the elementa l 

composition of pristine clay. The excitation source was an X-ray tube with thin silver 

as the primary filter, operating at a tube voltage of 35kV. 

  4.3.6.2  X-ray Diffractometry 

    An X-ray diffractometer (XRD) was used to obtain the d-value 

of the BTN, and the organoclay to investigate the crystal structure of materials. Rigaku, 

Woodlands, TX, USA has been supplied for Dmax 2002 diffractometer with Ni‐

filtered Cu Kα radiation at 40kV and 30mA to observe the X-ray diffraction patterns. 

The powder samples were observed on the 2θ range of 2–10° with a scan speed of 

2°/min and a scan step 0.01°. 

4.3.6.3  Surface Area Analysis 

 The N2 adsorption–desorption isotherms were obtained at 

−196°C on a Sorptomatic analyzer. The samples were degassed at 150 °C for 15 h in 

a vacuum furnace prior to analysis. Surface areas were calculated using the Brunauer–

Emmett–Teller (BET) equation. The pore size distributions were constructed based on 

the Barrett–Joyner–Halenda (BJH) method using the adsorption branch of the nitrogen 

isotherm. 

4.3.6.4  Fourier Transform Infrared Spectroscopy 

 Becthai Co.Ltd, Bangkok, Thailand has been supplied for 

Nicolet Nexus 670 FT-IR to obtain the spectra of organoclay, PCHs, and HPCHs in 

the frequency range of 4000-400/cm with 32 scans/min at a resolution of 2/cm. The 

KBr pellet technique was used in the preparation of the powder samples. The 

incorporation of the organic group into the silicate network was investigated by using 

FT-IR. 
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  4.3.6.5  Scanning Electron Microscopy 

    JEOL Ltd, Tokyo, Japan has been supplied for JSM-5410 LV 

model to observe the surface morphology of the PCH. The specimens were coated with 

gold under vacuum before observation to make them electrically conductive. 

4.3.6.6  Transmission Electron Microscopy 

 JEOL Ltd, Tokyo, Japan has been supplied for JEM-2100 

electron microscope with an accelerating voltage of 160 kV to observe the structure of 

the pores and the dispersion of PCH in the polymer matrix of the nanocomposites. The 

TEM samples were prepared by embedding the powder in resin and sectioning with an 

ultramicrotome. The thin sections were supported on 300 mesh copper grids. 

4.3.6.7  Gas Chromatography For Ethylene Adsorption 

 A gas chromatograph with a flame ionization detector was 

utilized to examine the ethylene adsorption capacity of the porous clays. Ethylene 

adsorption was measured by placing each product in a jar (0.6l), then sealing it with a 

screw-cap lid. Ethylene was injected into a jar to give a specific concentration of 500 

ppm. Ethylene concentration in the jar was measured periodically, about once per hour. 

The ethylene adsorption was calculated by taking the difference between the amount 

of ethylene added and the amount remaining in the headspace. 

4.3.6.8  Keithley Electrometer For Conductivity Measurement 

 Keithley Instruments, Inc., Cleveland, OH, USA has been 

supplied for Keithley electrometer with 6517 Hi-R test for investigate the electrica l 

conductivity of the nanocomposite films. The film was placed in the chamber, and then 

ethylene gas was injected into a jar to give a specific concentration of 500 ppm the 

same as in the ethylene adsorption part. The conductivity of the films was measured 

periodically, about once per hour by taking the film from the chamber and then placed 

between the two probes in the vacuum box. The tests were run by varying the voltages 

in 1, 5, 10, 20 and 100V and then by calculating the electrical conductivity from 

plotting between the current and the applied voltage. 
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4.4  Results and Discussions 

 

4.4.1  Porous Clay Heterostructure Synthesis And Characterization 

Intragalleries of clay. Bentonite, with a CEC of 44.5mmol/100g clay, 

was stirred with CTAB to prepare the organoclay. The corresponding XRD pattern 

showed the presence of the (001) reflection peak. As seen from Figure 1, the basal 

spacing of BTN was 1.16nm (Figure 1a). After the BTN was treated with CTAB, new 

peaks were observed at a lower angle (Figure 1b) indicating the increasing distance 

between the clay layers. The d‐ spacing of the organoclay was 3.87nm. 

 

 
 

Figure 1  X-ray diffractometer patterns of (a) BTN and (b) organoclay. 

 

4.4.2  Pore characterization of porous clay heterostructures, hybrid organic– 

inorganic porous clay heterostructures and mercaptopropyl   

functionalized PCHs 

After intercalated by the surfactant, the organoclay was modified by co-

condensation reaction of neutral amine and silica sources to polymerize around 

surfactant micelles. And then surfactant micelles were removed by solvent extraction, 

resulting in the formation of porous structures. 
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Figure 2  The transmission electron microscopy images of porous clay 

heterostructure. 

 

The presence of the clay layers was confirmed by the TEM images of 

representative porous clay heterostructures (Figure 2). From the TEM images, the clay 

layers were discernible as solid dark lines and revealed aggregated domains of several 

layers. Although the clay layers were easily observed, the pore structure in the galler ies 

of the clay was more difficult to notice because of their structures. 

 

4.4.3  Morphology of bentonite, porous clay heterostructure, hybrid organic–

inorganic porous clay heterostructure and mercaptopropyl  

functionalized PCHs.  

Furthermore, the BTN exhibited a layered or plate‐ like structure in the 

SEM image (Figure 3a). After pore modification, addition of TEOS and the neutral 

amine co-surfactant causes a change in the particles appearance in SEM analysis. The 

SEM images of the PCH and HPCH (Figure 3b–c) revealed a rugged surface of the 

clay layers, compared with the flat and smooth pristine clay. This result implied that 

the molecular interactions forcing to self-assembly induce a break up of plate-like 

BTN. The morphology of MPPCH is also similar to those of modified PCHs as shown 

in Figure 3d. 
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Figure 3  Scanning electron microscopy images of (a) bentonite, (b) porous clay 

heterostructure, (c) hybrid organic–inorganic porous clay heterostructures (HPCH) 

and (d) mercaptopropyl functionalized MPPCH. 

 

4.4.4  Chemical Analysis 

 The FT-IR spectrum of BTN was given in Figure 4a. The broad peak 

at around 3500/cm was assigned to the stretching vibration of the silanol associated 

with the silica structure. The peaks at 1000, 1100 and 800/cm were assigned to the 

stretching vibration of the SiO4 units, and the asymmetric and symmetric stretching 

vibrations of the Si―O―Si linkage, respectively. The presence of surfactant was 

evidenced by the FT-IR spectra of the organoclay (Figure 4b), indicating the 

asymmetric and symmetric vibrations of methyl and methylene groups of the 

cetyltrimethylammonium ion at 2920 and 2800/cm, respectively. The FT-IR spectra of 

the PCHs and the HPCHs (Figure 4c and d) were different from that of the starting 

BTN indicated by the absence of a peak at 1000/cm. So it inferred that the structures 

of the starting clay were changed after the modification. Moreover, the spectra of the 

HPCHs (Figure 4d) are evidenced that organic moiety is linked covalently to the silica 
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framework because of the presence of the peak at 1275/cm attributed to the Si–CH3 

bond. 

 

 
 

Figure 4  Fourier transform infrared spectroscopy spectra of (a) bentonite, (b) 

organoclay, (c) porous clay heterostructures and (d) hybrid organic–inorganic porous 

clay heterostructures. 

 

In order to confirm the incorporation of the thiol group in the MPPCH, the X-

ray fluorescence spectrometry (XRF) technique was required because the observed 

peak at 2550/cm in the FT-IR is too weak. From the XRF results (Table 1), the 

percentage of Sulphur in the MPPCH is 4.32, whereas that of Sulphur in the BTN is 

absent. 
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Table 1  Elemental analysis from X-ray fluorescence spectrometry result 

 

Sample 

    Percent composition of elements    

O Na Mg Al  Si K Ca Ti Fe Cu S Total 

BTN 49.4 2.38 1.72 7.04 34.6 1.08 2.10 0.22 1.09 0.14 – 100 

MPPCH 53.0 – 0.55 2.04 38.5 0.24 0.56 0.08 0.36 0.18 4.32 100 

Notes: BTN, bentonite; mercaptopropyl functionalized PCH, MPPCH. 

 

4.4.5  Surface area analysis 

 From the N2 adsorption–desorption, the specific surface area of the 

BTN was 31 m2/g. After modification, the PCHs, HPCHs and MPPCHs possess 

surface areas of 507.7, 500.3 and 488.7 m2/g, average pore diameters in the small 

mesopore range of 5.07, 4.28 and 3.28 nm, and pore volumes of 0.64, 0.56 and 0.48 

cm3/g, respectively (Table 2). These results strongly affirm that the surface areas of 

modified PCHs dramatically increase compared with that of pristine clay. Whereas, 

the incorporation of the functional groups is slightly reduces the pore diameters. 

 

Table 2  Specific surface areas from the N2 adsorption–desorption 

 

 

Samples 

Multipoint BET surface area 

(m2/g) 

Average pore diameter 

(nm) 

BJH pore volume 

(cc/g) 

BTN 31.0 – – 

PCH 507.7 5.07 0.64 

HPCH 500.3 4.28 0.56 

MPPCH 488.7 3.28 0.48 

Note: BET, Brunauer–Emmett–Teller; BJH, Barrett–Joyner–Halenda; BTN, 

bentonite; PCH, porous clay heterostructures; HPCH, mercaptopropyl functionalized 

PCH; MPPCH. 
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4.4.6  Ethylene adsorption 

The adsorption behavior of ethylene gas within the PCH, HPCH and 

MPPCH materials was examined using gas chromatography. Figure 5 shows the 

adsorption capacity of the PCHs, HPCHs and MPPCHs compared with that of BTN. 

The amount of ethylene adsorption proportionally increased with time. The amount of 

ethylene adsorption is in the following order: HPCH > MPPCH > PCH > BTN. This 

is explained based on the fact that a greater in non-polar property because of lower 

electronegativity; C < S< O: 2.55< 2.58< 3.44 leads to a better ethylene adsorption. 

The greatest capacity of the HPCHs, prepared by the incorporation of a methyl group 

on the porous structures, is also because of the similarity of the functional group 

between the pore surface and the ethylene gas. From the results, it is clear that the 

insertion of the methyl groups on the HPCHs plays an important role in ethylene 

adsorption 

 

 
 

Figure 5  Ethylene adsorption capacity of bentonite, porous clay heterostructures and 

hybrid organic–inorganic porous clay heterostructures. 
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4.4.7  Nanocomposite film applications 

 Electrical conductivity of nanocomposite film upon the ethylene 

adsorption. The electrical conductivity measurement is taken as an approach to the 

performance of the modified PCHs/PP nanocomposite films as the ethylene sensor. 

Modified PCHs/PP nanocomposite films were fabricated and tested for their electrical 

conductivity after adsorbing ethylene gas at various attachment times. Figure 6 shows 

that the conductivity of the PCHs/PP nanocomposite films decreases with longer 

attachment time to the ethylene gas. The MPPCH/PP shows the largest decrease in 

electrical conductivity compared with the others. This is because when the ethylene 

gas diffuses into the pore, the ethylene gas reacts with the electrons on the ―SH group. 

Ethylene gas is the electron donating group, whereas the ―SH group is the electron 

withdrawing group; the gas is absorbed by a dipole–dipole interaction. This leads to 

the reduction in electrical conductivity. The concept of the conductivity drops will be 

applied in the future work to develop a new ethylene scavenger film. These modified 

PCHs/PP nanocomposite films are used as the ethylene gas sensor because the 

reduction of the electrical conductivity of the films is sensitive to the ethylene gas that 

is released from fresh vegetables and fruits. 

 
 

Figure 6  The conductivity of polypropylene/clay nanocomposite films as a function 

of time attached to the ethylene gas. 



47 
 

4.5  Conclusions 

 

To fabricate a new ethylene scavenger material for packaging of tropical 

fruits, the modified mesoporous clay heterostructure was successfully synthesized 

through the surfactant-directed assembly of the mesostructured silica of clay. After 

treatment with TEOS/MTS and TEOS/MPTMS via the co–condensation reaction, the 

intercalated TEOS/MTS and TEOS/MPTMS were hydrolyzed and condensed, leading 

to the formation of micelles in the interlayer of the clay. The surfactants were removed 

by solvent extraction, and then porous materials were obtained. From the XRD results, 

after treatment with CTAB, the d‐ spacing of organoclay increases, indicating the 

successful insertion of the surfactant between the clay layers. According to the N2 

adsorption–desorption, the specific surface areas of the PCHs, HPCHs and MPPCHs 

are much higher than those of pure BTN as the plate-like structure was transformed to 

a pore structure. From the ethylene adsorption results, the HPCHs have a higher 

efficiency in adsorbing ethylene gas than the others because the methyl groups that 

incorporate in the PCH lead to a non-polar surface, which causes the best ethylene 

adsorption. Otherwise, the thiol groups that incorporates in the PCH, MPPCHs, exhibit 

the best ethylene sensing by its higher sensitivity because of the largest drop of the 

electrical conductivity when it binds to the ethylene gas by the dipole–dipo le 

interaction. As supported by above results, these modified PCHs including HPCHs and 

MPPCHs are potentially used as packaging fillers to capture ethylene gas and could be 

further developed as ethylene sensor applied from conductivity sensitivity results. 

Future investigation will focus on the evaluation of these PCH/PP, HPCH/PP and 

MPPCH/PP nanocomposite films in smart packaging applications by monitoring the 

shelf life of Thai tropical fruits such as mangoes and bananas that own a high segment 

in Thai fruit’s export. 

 

4.6  Acknowledgements 

 

This work was supported by the Higher Education Research Promotion and 

National Research University Project of Thailand, Office of the Higher Education 

Commission (FW 0649A). Partial funding was received from the Polymer Processing 



48 
 

and Polymer Nanomaterials Research Unit, The Petroleum and Petrochemical College, 

Chulalongkorn University. One of the authors would like to acknowledge the 

scholarship from the Center of Excellence for Petroleum, Petrochemicals and 

Advanced Materials, Thailand. 

 

4.7  References 

1. Vermeiren L Devlieghere F, van Beest M, de Kruijf N, Debevere J. 

Developments in the active packaging of foods. Trends in Food Science and 

Technology 1999; 10: 77–86. doi:10.1016/S0924-2244(99)00032-1. 

2. Goddard NDR, Kemp RMJ, Lane R. An overview of smart technology. 

Packaging Technology and Science 1997; 10: 129–143. 

doi:10.1002/(SICI)1099-1522(19970501/30). 

3. Ishii R, Nakatsuji M, Ooi K. Preparation of highly porous silica nanocompos ites 

from clay mineral: a new approach usingpillaring method combined with 

selective leaching. Microporous and Mesoporous Materials 2005; 79: 111–119. 

doi:10.1016/j.micromeso.2004.10.033. 

4. Galarneau A, Barodawalla A, Pinnavaia TJ. Porous clay heterostructures formed 

by gallery-templated synthesis. Nature 2002; 374: 529–531. 

doi:10.1038/374529a. 

5. Zhu HY, Ding Z, Barry JC. Porous solids from layered clays by combined 

pillaring and templating approaches. The Journal of Physical Chemistry B 2002; 

106(44): 11420–11429. doi:10.1021/jp014463i 

6. Stein A, Melde BJ, Schroden RC. Hybrid inorganic–organic mesoporous 

silicates-nanoscopic reactors coming of age. Advance Materials 2009; 12(9): 

1403–1419. doi:10.1002/1521-4095(200010) 

7. Burkett SL, Sims SD, Mann S. Synthesis of hybrid inorganic–organic 

mesoporous silica by co-condensation of siloxane and organosiloxane 

precursors. Chemical Communication 1996; 1367–1368. 

doi:10.1039/CC9960001367 

8. Pires J, Araujo AC, Carvalho AP et al. Porous materials from clays by the gallery 

template approach: synthesis, characterization and adsorption properties. 



49 
 

Microporous and Mesoporous Materials 2004; 73(3): 175–180. doi:10.1016/ 

j.micromeso.2004.05.009 

9. Wei L, Tang T, Huang B. Novel acidic porous clay heterostructure with highly 

ordered organic–inorganic hybrid structure: one-pot synthesis of mesoporous 

organosilica in the galleries of clay. Microporous and Mesoporous Materials 

2004; 67(2–3): 175–179. doi:10.1016/j.micromeso.2003.11.002 

10. Pichowicz M, Mokaya R. Porous clay heterostructures with enhanced acidity 

obtained from acid-activated clays. Chemical Communication 2001; 2100–2101. 

doi:10.1039/b106660a 

11. Polverejan M, Pauly TR, Pinnavaia TJ. Acidic porous clay heterostructures 

(PCH): intragallery assembly of mesoporoussilica in synthetic saponite clays. 

Chemistry of Materials 2000; 12(9): 2698–2704. doi:10.1021/cm0002618 

12. Polverejan M, Liu Y, Pinnavaia TJ. Aluminated derivatives of porous clay 

heterostructures (PCH) assembled from syntheticsaponite clay: properties as 

supermicroporous to small mesoporous acid catalysts. Chemistry of Materials 

2002; 14(5): 2283–2288. doi:10.1021/cm011559g 

13. Zhou C, Li X, Ge Z, Li Q, Tong D. Synthesis and acid catalysis of nanoporous 

silica/alumina‐ clay composites. Catalysis Today 2004; 93–95: 607–613. 

doi:10.1016/S0925‐ 5214(98)00091-X 

14. Nunes CD, Pires J, Carvalho AP, Calhorda MJ, Ferreira P. Synthesis and 

characterisation of organo-silica hydrophobic clay heterostructures for volatile 

organic compounds removal. Microporous and Mesoporous Materials 2008; 

111(1–3): 612–619. doi:10.1016/j.micromeso.2007.09.008 

15. Chmielarz L, Kuśtrowski P, Drozdek M et al. Selective catalytic oxidation of 

ammonia into nitrogen over PCH modified with copper and iron species. 

Catalysis Today 2006; 114: 319–325. doi:10.1016/j.cattod.2006.01.020 

16. Chmielarz L, Kuśtrowski P, Dziembaj R, Cool P, Vansant EF. Selective catalytic 

reduction of NO with ammonia over porous clay heterostructures modified with 

copper and iron species. Catalysis Today 2007; 119: 181–186. doi:10.1016/ 

j.cattod.2006.08.017 



50 
 

17. Taguchi A, Schűth F. Ordered mesoporous materials in catalysis. Microporous 

and Mesoporous Materials 2008; 111(1–3): 612–619. 

doi:10.1016/j.micromeso.2007.09.008 

18. Mercier L, Pinnavaia TJ. A functionalized porous clay heterostructure for heavy 

metal ion (Hg2+) trapping. Microporous and Mesoporous Materials 1998; 20(1–

3): 101–106. doi:10.1016/S1387-1811(97)00019-X 

19. Marschall R, Bannat I, Caro J, Wark M. Proton conductivity of sulfonic acid 

functionalised mesoporous materials.Microporous and Mesoporous Materials 

(2007); 99(1–2): 190–196. doi:10.1016/j.micromeso.2006.08.037 

20. Liu H, Hyung Tag Lim HT, Ahn KH, Lee SJ. Effect of ionomer on clay 

dispersions in polypropylene- layered silicate nanocomposites. Journal of 

Applied Polymer Science 2007; 104: 4024–4034. doi:10.1002/app.26036 

21. Wang Y, Easteal AJ, Chen XD. Ethylene and oxygen permeability through 

polyethylene packaging films. Packaging Technology and Science 1998; 11: 

169–178. doi:10.1002/(SICI)1099-1522(199807/08) 

22. Yun JH, An DS, Lee K‐ E, Jun BS, Lee DS. Modified atmosphere packaging of 

fresh produce using microporous earthenware material. Packaging Technology 

and Science 2006; 19: 269–278. doi:10.1002/pts.730 

23. Avella M, Bruno G, Errico ME et al. Innovative packaging for minima lly 

processed fruits. Packaging Technology and Science 2007; 20: 325–335. 

doi:10.1002/pts.761 



 
 

CHAPTER V 

INFLUENCE OF THIOL GROUPS ON THE ETHYLENE ADSORPTION 

AND CONDUCTIVITY PROPERTIES OF THE MODIFIED POROUS CLAY 

HETEROSTRUCTURES (PCHS) USING AS ETHYLENE SCAVENGER IN 

SMART PACKAGING 

 

5.1  Abstract 

  

 Porous Clay Heterostructures (PCHs) were prepared by the surfactant–

directed assembly of silica source (tetraethylorthosilicate–TEOS) and sodium–

bentonite (Na-BTN) clay. These PCHs were subsequently modified to an organic–

inorganic hybrid material by the co-condensation reaction of TEOS with (3-

mercaptopropyl trimethoxy silane (MPTMS) in 1:1, 2:1, and 4:1 molar ratios of 

MPTMS to TEOS to obtain conductive porous clays, here referred to as modified 

MPPCHs. Various weight percentage of MPPCHs at 1 wt%, 3 wt%, and 5 wt% were 

blended with polypropylene (PP) and fabricated into the PP/modified MPPCHs 

nanocomposite films. Analysis revealed that the surface areas of modified MPPCHs 

increased significantly from Na–BTN; however, the higher MPTMS contents resulted 

in less porous surface areas. An ethylene adsorption study showed that modified 

MPPCHs exhibited higher adsorption efficiency of ethylene gas than that of Na–BTN 

due to the non-polar property of the modified functional groups. Subsequently, the 

electrical conductivity of the modified MPPCHs with various contents of thiol group 

was investigated to evaluate potential use in ethylene scavenger/sensor applications.  

 

Keywords: Organic–Inorganic Hybrid, Modified MPPCHs, Conductive porous clay 

heterostructure, Ethylene scavenger, Sensor  

 

5.2  Introduction 

  

Ethylene gas is a plant hormone which facilitates ripening and ageing of many 

agricultural products cultivated throughout the world. Shelf-life of stored fruit and 

produce is often limited by natural production of this gas from ripening produce. To 
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prolong shelf–life of products, the ethylene gas should be removed from the storage 

system. There are many ways to protect produce from the ethylene gas. For example, 

1-Methylcyclopropene (1-MCP), palladium, and zeolite acted as ethylene scavengers 

which block the ethylene binding sites, block the ethylene gas production from the 

plants, and also adsorb the ethylene gas [1-5]. Besides the ethylene scavengers, the 

polymer and polymer nanocomposite films may be employed as active packaging to 

prolong the shelf-life of produce [6-15].  

In previous work, porous clay heterostructures (PCHs) were synthesized in 

order to absorb the ethylene gas from fruit ripening [16,17] because of their high 

surface areas, selective porous structure after surfactant removal [18-21]. Then, PCHs 

were functionalized by methyltriethoxysilane (MTS) and (3-mercaptopropyl) 

triethoxysilane (MPTMS) providing for hybrid organic−inorganic PCHs (HPCHs) and 

mercaptopropyl PCHs (MPPCHs), respectively [22-26]. MPPCH contained a thiol 

group (–SH) which normally removed heavy metal by binding the negative charge of 

the –SH to metal ion (Hg+, Cu2+, and Ag+) [27-32]. It also has the ability to adsorb 

organic compounds such as volatile organic compounds and dye molecules [33,34]. 

Previous works that modify montmorillonite, acid−activated montmorillonite, and 

organo−montmorillonite as the template or support to adsorb organic compounds or 

pesticide in the water were reviewed [35,36]. The acid−activation and organophil ic 

treatment are easy-processing and well selective. However, comparing to PCH, they 

exhibit the lower surface area and less pore size. Since, PCH is synthesized by 

intercalation of surfactant in order to enlarge the distance of clay layer and then 

introduced silica sources to polymerize around surfactant micelle template, leading to 

high surface area and mesopore structure. Due to high surface area, the PCH is chosen 

to use as the template in this work and then modify to display more selectivity to adsorb 

various organic molecules. 

All PCHs, HPCHs, and MPPCHs were tested for ethylene adsorption to use 

as ethylene scavenging materials for the purpose of prolonging the shelf-life of food 

products. The variation in electrical conductivity of MPPCHs when it reacts with 

ethylene was investigated as an operating principle to exploit for the sensing of 

ethylene gas. The MPPCHs electrical conductivity measurements were sensitive to 



53 
 

ethylene even though MPPCHs adsorbed less ethylene gas than that of HPCHs. 

However, MPPCH/Polypropylene (PP) nanocomposite film showed the best 

sensitivity to ethylene gas in electrical conductivity measurements, exhibiting the 

largest drop in conductivity when reacting to ethylene gas [16,17]. 

In this work, MPPCHs were synthesized with concentrations of MPTMS to 

TEOS in the molar ratios of 1:1, 2:1, and 4:1 which are denoted here respectively as 

MPPCH (1:1), MPPCH (2:1), and MPPCH (4:1). And, then the modified PCHs were 

blended with polypropylene (PP) in the ratio of 1wt%, 3wt%, and 5wt% of clay 

content, respectively. The objective of adding various ratios of the thiol group on the 

surface of clay and various clay contents in the PP matrix were to study the influence 

of these factors in ethylene adsorption effectiveness and electrical conductivity sensing 

of MPPCH/Polypropylene (PP) nanocomposite films for using as the ethylene gas 

scavenger/sensor films.  

 

5.3  Experimental 

  

 5.3.1  Raw Materials 

Sodium bentonite (Na-BTN), with a cation exchange capacity (CEC) of 

44.5 meq/100g of clay, was supplied by Thai Nippon Chemical Industry Co. Ltd. 

(Thailand). Cetyl trimethylammonium bromide (CTAB), performing as the cationic 

surfactant, and chemical substances such as tetraethyl orthosilicate (TEOS), for use as 

a silica source and 3–mercaptopropyl trimethoxysilane (MPTMS), for modifying 

MPPCH, were purchased from Fluka and Acros, respectively. PP (Moplen HP525N, 

MFI 11) and Surlyn® (PC 350, MFI 5) were provided by HMC Polymers Co., Ltd. 

(Thailand) and DuPontTM. 

 

5.3.2  Synthesis of Hybrid Organic-Inorganic PCHs with Conductive  

  Functional Groups (MPPCHs) 

 Na–BTN was changed into a quaternary ammonium exchange form by 

ion exchange with cetyltrimethylammonium bromide (CTAB) and was stirred at 50 

°C for 24 h. After that, the sample was filtered, washed with a mixture of methanol 
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and water, and then air-dried for 24 h to obtain organoclay. The obtained organoclay 

was stirred in dodecylamine at 50 °C for 30 min and then adding the TEOS at a molar 

ratio of organoclay:dodecylamine:TEOS of 1:20:150 to synthesize the porous clay 

heterostructures (PCHs). According to the previous PCH forming step, the mixture of 

TEOS and MPTMS was added under N2 atmosphere and stirred for a further 24 h at 

room temperature with various molar ratios of MPTMS: TEOS of 1:1, 2:1, and 4:1. 

The obtained modified PCHs were collected by filtration and air-dried overnight at 

room temperature. Then the surfactant was removed by solvent extraction using a 

mixture of methanol and HCl solution. Typically, 1 g of the modified PCHs was added 

into the 5 ml of HCl and 45 ml of methanol, and was refluxed for 2 h. The modified 

PCHs were abbreviated as MPPCH (1:1), MPPCH (2:1), and MPPCH (4:1), 

respectively. 

 

5.3.3  Preparation of Polypropylene/clay Nanocomposite Film  

 The 1 wt%, 3 wt%, and 5 wt% of MPPCHs, 2 wt% of surlyn® 

(compatibilizer), and Polypropylene (PP) were prepared by using twin-screw extruder 

(Labtech) with with an L/D ratio of 40 and a screw diameter of 20 mm. The operation 

temperature was performed at 160 °C, 165 °C, 170 °C, 175 °C, 180 °C, 185 °C, 190 

°C, 200 °C, 210 °C and 215 °C from hopper to die respectively and the screw speed 

was 30 rpm. 

 

5.3.4  Fabrication of Nanocomposite Films  

 The nanocomposite films were prepared by using blown film extrusion 

machine. The nanocomposite pellets were dried in an oven prior to blowing. The 

following extrusion conditions were employed at the rotation speed of the screw 

around 50 rpm and the blowing ratio was 1.52. The barrel and mold temperature were 

210 °C. The thickness of the films was controlled to about 40 µm.   

 

 5.3.5  Characterization 

  5.3.5.1  X-Ray Fluorescence Spectrometry (XRF) 
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The elemental analysis of the pristine clay and the modified 

PCHs (MPPCHs) was carried out by using X-ray fluorescence (Axios PW4400). The 

excitation source was an X-ray tube with thin silver as the primary filter, operating at 

a tube voltage of 35 kV. 

5.3.5.2   X-Ray Diffractometry (XRD) 

   An X-Ray diffractometer (XRD) was used to obtain the d-

value of the bentonite and the organoclay to investigate the crystal structure of 

materials. The X-Ray diffraction patterns were measured on a Rigaku Model Smart 

Lab Guidance (Rigaku, Japan) with Ni-filtered CuKα radiation at 40 kV, 30 mA and 

on the 2θ range of 2 to10 degrees with a scan speed of 2 degrees/min and a scan step 

0.01 degree for WAXS mode.  SAXS mode was operated at 45kV, 200mA, and on the 

2q range of 0.1–8 degrees with a scan speed of 0.5 degrees/min and a scan step 0.02 

degree. 

5.3.5.3  Surface Area Analysis (SAA) 

  The N2 adsorption–desorption isotherms were obtained at -

196 °C on a Sorptomatic analyzer. The samples were degassed at 150 °C for 15 h in a 

vacuum furnace before analysis. Specific surface areas were calculated using the BET 

equation. The pore size distributions were constructed based on The Barrett, Joyner, 

and Halenda (BJH) method using the adsorption branch of the nitrogen isotherm. 

5.3.5.4   Fourier Transform Infrared Spectroscopy (FT-IR) 

The FT-IR spectra of bentonite, organoclays, and modified 

MPPCHs were obtained by using a Nicolet Nexus 670 FT-IR spectrometer in the 

frequency range of 4000–400 cm-1 with 32 scans/min at a resolution of 2 cm-1. The 

incorporation of the organic group into the silicate network was investigated by using 

FT-IR. 

5.3.5.5  Scanning Electron Microscopy (SEM) 

   Scanning electron microscopy was performed with Hitachi S-

4800 Model to observe the surface morphology of the modified MPPCHs. 

5.3.5.6  Gas Chromatography for Ethylene Adsorption 

A gas chromatograph with a flame ionization detector was 

utilized to examine the ethylene adsorption capacity of the modified MPPCHs. 
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Ethylene adsorption was measured by placing each product in a chamber (0.6 l), then 

sealing it with a screw-cap lid. Ethylene was injected into a jar to give a specific 

concentration of 5000 ppm. Ethylene concentration in the chamber was measured 

periodically, about once per hour. The ethylene adsorption was calculated by taking 

the difference between the amount of ethylene added and the amount remaining in the 

headspace. 

5.3.5.7  Conductivity Measurement  

 The electrical conductivity of the mesoporous materials were 

observed using Impedance test by LCR meter (Agilent E4980A). The clay pellets were 

covered with platinum and placed between the 2 probes and the tests were run at 20 

Volts with varying frequencies from 20 Hz to 1 MHz. Finally, the results were 

calculated by Nyquist’s plot to obtain the semi-circle and find the resistivity from the 

intersection of x axis at the high frequency. 

5.3.5.8  Keithley Electrometer for Conductivity Measurement 

   The electrical conductivity of the nanocomposite films were 

observed using Keithley Electrometer with 6517 Hi-R test. The film was placed 

between the 2 probes in the vacuum box. The tests were run by varying the voltages 

in 1, 5, 10, 20 and 100 Volts and then calculated the electrical conductivity from 

plotting between the current and the applied voltage. The volume resistivity is 

calculated by using the Equation (1)  

 

                  (1) 

5.3.5.9  Thermal and Mechanical Property of Polypropylene/clay 

Nanocomposite  

   Thermogravimetric analysis (TGA) was used to investigate the 

thermal stability of the PP/modified porous clay nanocomposites as compared to pure 

PP. The samples were heated from 30 °C – 700 °C at a rate of 10 °C min-1 in a nitrogen 

atmosphere of 200 ml/min. Differential Scanning Calorimeter (METTLER, DSC822e) 

was used to measure the crystallization and melting behavior of the PP/modified 

porous clay nanocomposites. The samples were heated and cooled from 30 °C - 200 

°C, using a heating/cooling rate of 10 °C min-1 in a nitrogen atmosphere. 
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Tensile test of PP/modified porous clay nanocomposite 

samples were carried out by a LLOYD Universal Testing Machine model 4206 by 

ASTM D 638. A gage length of 50 mm was employed with a crosshead speed of 50 

mm/min and preload 0.01 N. 

 

5.4  Result and Discussion 

 

5.4.1  Characterization of Bentonite and MPPCHs 

 As seen from Figure 1 (a) in small graph, the characteristic peak of 

bentonite was d001 plane at 7.62° which indicate the basal spacing of bentonite to 1.16 

nm. After bentonite was treated with quaternary alkylammonium ion, the new peaks 

(d001) was observed at lower angle (Figure 1 (b)) indicating the increasing of distance 

between interlayer spaces. The d-value of organoclay was 3.87 nm.  

 After porous modification with silica source, the modified MPPCHs 

were examined by SAXS mode (Rigaku Corporation, Japan). In Figure 2, none of 

diffraction peaks like those of bentonite and organoclay was presented.  Disorder of 

silica framework which was formed in the interlayer spaces of bentonite shielded 

highly regular interstratifications of the clay layers. So the XRD patterns in Figure 2 

showed only diffuse scatterings. It meant that the structure of PCH and all modified 

MPPCHs were not the long period structures but represented the pore structure.   
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Figure 1  XRD patterns of (a) Bentonite, (b) Organoclay, and (c) PCH. 

 

Figure 2  XRD patterns of (a) MPPCH (1:1), (b) MPPCH (2:1), and (c) MPPCH 

(4:1). 
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5.4.2  Morphology of MPPCHs 

 First, the interlayer spaces of bentonite were expanded by the 

intercalation of the surfactant cetyltrimethylammonium ion. Next, a neutral amine co-

surfactant was intercalated between interlayer spaces to form micelle templates. Then 

silica sources (MPTMS/TEOS with various molar ratios 1:1, 2:1 and 4:1, respectively) 

were introduced to polymerize surrounding the surfactant micelles in the interlayer 

spaces of bentonite. By solvent extraction method, the surfactant templates were 

removed from MPPCHs, resulting in the formation of porous structures. 

Normally, the bentonite exhibited a layered or plate-like structure in SEM 

image (Figure 3(a)). After porous modification, the SEM images of MPPCHs (Figure 

3(b)-(d)) revealed a roughness and porosity on the surface of clay comparing to 

bentonite surface.  

 

 
 

(a) 
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(b) 

(c) 
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Figure 3  SEM images of (a) BTN, (b) MPPCH (1:1), (c) MPPCH (2:1) and (d) 

MPPCH (4:1). 

 

5.4.3  Chemical Structure Analysis 

 The FTIR spectrum of bentonite was given in Figure 4 (a). The broad 

peak around 3500 cm-1 was assigned to the stretching vibration of the silanol 

associated with the silica structure. The peaks at 1640, 1000, 1100 and 800 cm-1 were 

assigned to the stretching vibration of the SiO2 units, SiO4 units, the asymmetric and 

symmetric stretching vibrations of the Si-O-Si linkage, respectively. The presence of 

surfactant was proved by FTIR spectra of organoclay (Figure 4 (b)) indicating the 

asymmetric and symmetric vibrations of methyl and methylene groups of 

cetyltrimethyl ammonium ion at 2920 and 2800 cm-1, respectively. The FTIR spectra 

of MPPCHs (Figure 4 (c)-(e)) were indifferent from that of bentonite, however, the 

peak at 2550 cm-1 indicating –SH group was very weak. Therefore it roughly inferred 

that the structure of starting bentonite was changed after the modification.  

(d) 
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Figure 4  FTIR spectra of (a) bentonite, (b) organoclay, (c) MPPCH (1:1), (d) 

MPPCH (2:1), and (e) MPPCH (4:1). 

  

 In order to confirm the incorporation of thiol group in the modified MPPCHs 

(Figure 4 (c)-(e)), the XRF technique was required. From XRF results as shown in 

Table 1, the contents of sulfur in MPPCH (1:1), MPPCH (2:1) and MPPCH (4:1) were 

4.32%, 8.84% and 11.58% while the content of sulfur in bentonite was none.  
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Table 1  Elemental analysis from XRF result 

 

Sample 
% composition of  elements 

O Na Mg Al Si K Ca Ti Fe S Total 

BTN 49.4 2.61 1.72 7.04 34.6 1.08 2.24 0.22 1.09 - 100 

MPPCH 

(1:1) 
53.0 - 0.73 2.21 38.5 0.24 0.56 0.08 0.36 4.32 100 

MPPCH 

(2:1) 
49.8 - 1.15 2.48 36.2 0.32 0.44 0.10 0.70 8.84 100 

MPPCH 

(4:1) 
47.7 - 1.09 2.35 35.4 0.30 0.70 0.12 0.70 11.58 100 

 

 

5.4.4  Specific Surface Area Analysis 

 From N2 adsorption-desorption, the specific surface area of bentonite 

was 31 m2/g. After modification, the specific surface areas of MPPCH (1:1), MPPCH 

(2:1) and MPPCH (4:1) were dramatically increased to 488.7, 290.6, and 168.4 m2/g, 

respectively as shown in Table 2. Average pore diameter and pore volume of MPPCH 

(1:1), MPPCH (2:1), and MPPCH (4:1) were 3.28, 3.20, 2.00 nm and 0.48, 0.30, 0.25 

cc/g. From the results, the surface areas, average pore diameter and pore volume 

decreased when the amount of thiol group in modified MPPCHs increased. One 

reasonable explanation was that the increasing contents of thiol groups resulted in 

intensified occupation of the interlayer spaces and increased in wall thickness of the 

pore that led to small pore volume [18]. With high contents of thiol group, the pores 

had been partially clogged by the organic groups which lead to low N2 adsorption-

desorption isotherm, referred to specific surface areas decreasing. 
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Table 2  Specific surface areas from the N2 adsorption-desorption 

 

Sample Multipoint BET 

surface area (m2/g) 

Average pore 

diameter (nm) 

BJH pore volume 

(cc/g) 

BTN 31.0 

 

- 

 

- 

MPPCH (1:1) 488.7 

 

3.28 

 

0.48 

 MPPCH (2:1) 290.6 

 

3.20 

 

0.30 

 MPPCH (4:1) 

 

168.4 2.00 0.25 

Note: BET, Brunauer–Emmett–Teller; BJH, Barrett–Joyner–Halenda; BTN, 

bentonite; porous clay heterostructure; PCH, mercaptopropyl functionalized PCH; 

MPPCH. 

 5.4.5  Ethylene Reduction of MPPCHs 

 The ethylene gas adsorption behaviour of the MPPCH (1:1), MPPCH 

(2:1) and MPPCH (4:1) materials was examined by gas chromatography technique 

(GC). The results showed that the ethylene reduction capacity of the MPPCH (1:1), 

MPPCH (2:1) and MPPCH (4:1) proportionally decreased with time dependent, 

compared to that of BTN (Figure 5). The amount of ethylene reduction was in the 

following order: MPPCH (4:1) > MPPCH (2:1) > MPPCH (1:1) > bentonite. This was 

explained based on the fact that a greater amount of thiol groups led to a better ethylene 

adsorption. Adding more functional groups led to more non-polar surface of the 

modified MPPCHs. So they reacted with ethylene gas more than bentonite. The 

MPPCH (4:1) adsorbed the largest amount of the ethylene gas adsorption due to the 

largest dropping value. 
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Figure 5  Ethylene reduction capacity of BTN, MPPCH (1:1), MPPCH (2:1) and 

MPPCH (4:1). 

 

5.4.6  Conductivity of Modified Porous Clays 

 The electrical conductivity measurement was taken as an approach to 

the performance of the modified porous clay hetetrostructures as an ethylene sensor. 

Modified porous clay heterostructures were synthesized with several contents of 

MPTMS: TEOS in molar ratios of 1:1, 2:1, and 4:1 and then evaluated their electrical 

conductivity. From Table 3, the resistivity of bentonite was 552.3 kΩ/cm and the 

resistivity values of MPPCH (1:1), MPPCH (2:1), and MPPCH (4:1) were 298.9, 

213.5, and 126.1 kΩ/cm. The resistivity converted to the conductivity by the following 

order; 1.81x10-6, 3.34x10-6, 4.68x10-6, and 7.92x10-6 S/cm assigned for Bentonite, 

MPPCH(1:1), MPPCH(2:1), and MPPCH(4:1), respectively. This was explained that 

the greatest amount of thiol groups led to the largest conductivity values.  It concluded 

that the conductivity of modified porous clay heterostructure increased with an 

increasing the amount of thiol group in the modified MPPCHs. The MPPCH (4:1) also 

showed the greatest conductivity value compared to the others. This was because 
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MPPCH (4:1) had the highest amount of thiol group, the conductive organic functiona l 

group, incorporating within the modified porous clays. From measurement results, it 

was implied that the thiol group played an important role in conductivity part.  

 

Table 3  Resistivity and conductivity of bentonite, MPPCH (1:1), MPPCH (2:1) and 

MPPCH (4:1) 

 

Sample Resistivity (kΩ/cm) Conductivity(S/cm) 

Bentonite 552.3 1.81x10-6 

MPPCH (1:1) 298.9 3.34x10-6 

MPPCH (2:1) 213.5 4.68x10-6 

MPPCH (4:1) 126.1 7.92x10-6 

 

5.4.7  Thermal and Mechanical Properties 

 After surface modification, MPPCH (2:1) was firstly to be chosen and 

blended with polypropylene (PP) through twin screw extruder to obtain 

nanocomposite pellets and studied the effect of amount of clay on the properties of 

nanocomposite materials. Thermogravimetric analysis (TGA) was performed to study 

the thermal stability of PP/MPPCH nanocomposites compared to PP. The degradation 

temperature of samples was determined by Perkin Elmer Pyris Diamond TG/DTA 

instrument. The pellets were loaded on platinum pan and heated from 30 °C to 700 °C 

at a heating rate of 10 °C/min and flow under N2 200 ml/min. 

TG-DTA curves of PP and the PP/modified PCHs nanocomposite s 

were delineated in Figure 6 and all results of thermal properties were listed in Table 4 

and Table 5. The thermal degradation of PP and all PP/ MPPCHs nanocomposites were 

generated in a single stage, and indicating that thermal stability of the nanocomposites 

was marginally increased when compared to that of virgin PP.  

Generally, the shift considerably toward higher temperature was 

attributed to the formation of a high-performance carbonaceous-silicate char, building 

up on the surface. Despite all these, the results implied that the addition of these 
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modified porous clays just slightly improved the thermal stability of PP which might 

be responsible for some destruction of clay layers on MPPCHs materials or due to the 

intercalation or the separation of the silicate layers as well as better dispersion of the 

silicate layers. 

 

 
 

Figure 6  TG-DTA curves of pure PP and modified PCHs nanocomposites. 

 

Table 4  Thermal properties of PP and PP/modified PCHs nanocomposites 

 

Samples 
Td peak  

(°C) 

Char residue at 600 °C  

(%) 

PP 452.5 0.07 

2 wt% Surlyn®/PP 455.7 0.07 

1 wt% MPPCH(2:1)/Surlyn®/PP 455.7 0.87 

3 wt% MPPCH(2:1)/Surlyn®/PP 456.6 2.67 

5 wt% MPPCH(2:1)/surlyn®/PP 456.9 4.98 
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The crystallization and melting behavior of PP/MPPCHs 

nanocomposites compared to PP were measured by Differential Scanning Calorimeter 

(DSC) using Mettler DSC 822 STARe System. The pellets were heated from 30 °C to 

200 °C at a heating rate of 10 °C/min in order to eliminate the influence of thermal 

history and then cooled down from 200 °C to 30 °C to observe melt crystalliza t ion 

behavior. After that, reheated to 200 °C to observe melting behavior. 

The crystallinity of samples was calculated by this equation, 

                                 (2) 

Where, ∆Hsample = enthalpy of fusion of the sample (J/g) 

  ∆HPP = enthalpy of fusion of completely crystalline (207 J/g) 

 Melting temperatures of PP and PP/MPPCHs nanocomposites are 

observed by DSC heating scan thermograms in Figure 7. The melting temperature of 

PP is 164.0 °C while the melting temperature of the PP/MPPCHs is around 163 °C − 

164 °C. These results suggested that the additions of a compatibilizer (surlyn  

ionomer) and various types of porous clay have minimal effect on the melting 

temperatures. The increase in thermal stability and melting temperature are due to the 

intercalation or the separation of the silicate layers as well as better dispersion of the 

silicate layers.  
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Figure 7  DSC heating scan thermograms of pure PP and PP/modified PCHs 

nanocomposites. 
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Figure 8  DSC cooling scan thermograms of pure PP and PP/modified PCHs 

nanocomposites. 

 

Crystallization behaviors of PP and the nanocomposites were presented by 

DSC cooling scan thermograms in Figure 8 and Table 5. The results showed that the 

crystallization of PP was significantly affected by both the presence of a compatibilizer 

(surlyn®−ionomer) and modified porous clays. As shown in Figure. 8, the PP 

presented the crystallization temperature at 114.5 °C whereas the PP/MPPCHs 

exhibited similar crystallization behavior to the 2 wt% surlyn/PP, which their 

crystallization peaks shifted to lower temperature and presented around 111 °C−113 

°C. In addition, all PP/MPPCHs nanocomposites displayed the lower percentage of 

crystallinity than that of pure PP, indicating that the PP-clay interface played an 

important role in the crystallization behavior. These results referred to the good 

dispersion of modified PCHs in the PP matrix. 
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Table 5  Crystallization behavior of PP and PP/modified PCHs nanocomposites 

 

Sample 
Tc peak 

(°C) 

Tm peak 

(°C) 

∆Hm 

(J/g) 

Crystallinity 

(%) 

PP 114.5 164.0 100.55 48.57 

2 wt% Surlyn®/PP 111.5 164.1 95.05 45.00 

1 wt% MPPCH(2:1)/Surlyn®/PP 113.3 163.2 91.17 42.72 

3 wt% MPPCH(2:1)/Surlyn®/PP 113.2 164.2 88.33 40.53 

5 wt% MPPCH(2:1)/Surlyn®/PP 113.5 164.7 92.31 41.47 

 

 

5.4.8  Mechanical Property 

The effect of clay contents on the mechanical property of all 

PP/MPPCHs nanocomposites was emphasized on the tensile modulus, tensile strength 

and % elongation. The results were shown in Figure 9 (a), (b) and (c), respectively. 

The average values of these mechanical properties were reported in Table 6. Tensile 

modulus and strength of 1 wt% MPPCH (2:1)/PP was greater than those of pure PP 

while the tensile modulus and strength of 3 wt% MPPCH (2:1)/PP and 5 wt% MPPCH 

(2:1)/PP were decreased. These can be described as the lower content of compatibilizer 

in PP/clay affects to the poor dispersion of modified porous clay in the composition. 

The decrease in tensile modulus and tensile strength of PP/clay nanocomposites can 

involve with the remaining of some impurities (quartz) in bentonite clay as 

inhomogeneous aggregates. The aggregations of clays or the impurities act as stress 

concentrators, allowing crack initiation and propagation, consequently decreasing the 

mechanical performance of the nanocomposites. 

The percentage of elongation was represented in Figure 9 (c). The % 

elongation of both nanocomposites was reduced with increasing the clay contents. The 

reduction of elongation is due to the greater interaction between filler and polymer 

matrix, which probably leads to a lower polymeric chain mobility, making the material 

more rigid and the addition of rigid clay mineral can increase the stiffness of the 

material resulting in lower elongation. 
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Figure 9  Mechanical properties of PP and PP/modified PCHs nanocomposite films: 

(a) Young’s modulus (b) Tensile strength, and (c) %Elongation. 

 

Table 6  Young’s modulus, tensile strength, and % elongation of PP and 

PP/modified PCHs nanocomposites with various compositions  

 

 

 

Sample 

Young’s 

Modulus  

(MPa) 

Tensile strength 

(MPa) 

Elongation 

(%) 

PP 1052 ± 52.6 38.7 ± 1.9    351.9± 8.2 

1 wt% MPPCH(2:1)/Surlyn®/PP 1125 ± 56.2 36.2 ± 1.8 361.7 ± 20.0 

3 wt% MPPCH(2:1)/Surlyn®/PP 978 ± 48.9 36.1 ± 1.8 374.7 ± 23.3 

5 wt% MPPCH(2:1)/Surlyn®/PP 982 ± 49.1 36.9 ± 1.8 355.6 ± 12.8 
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5.4.9  Ethylene Adsorption of nanocomposite films 

 Adsorption behaviour of ethylene gas within the PP/MPPCHs 

nanocomposite films was examined using gas chromatography. Figure 10 showed the 

amount of ethylene adsorption of PP and all the nanocomposite films. The amount of 

ethylene adsorption proportionally increased with the increasing of clay contents. 

Thus, the values of ethylene adsorption results were in the following order: 3 wt% 

MPPCH (2:1)/PP > 5 wt% MPPCH (2:1)/PP > 1 wt% MPPCH (2:1)/PP > PP. This 

was explained that the higher amount of clay led to the better ethylene adsorption. It 

concluded that the thiol group on the surface of clay adsorbed the ethylene gas and the 

amount of clay also affected to ethylene adsorption ability. In conclusion, 3 wt% 

MPPCH (2:1)/PP nanocomposite film performed the best ethylene adsorption 

threshold. 

 

 
 

Figure 10  Ethylene reduction capacity of PP, 1 wt% MPPCH (2:1)/PP, 3 wt% 

MPPCH (2:1)/PP, and 5 wt% MPPCH (2:1)/PP nanocomposite films. 
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5.4.10  Conductivity of Nanocomposite Films  

 PP/modified PCHs nanocomposite films were the films which 

consisted of the modified PCHs; functionalizing with thiol group (−SH) that effected 

to the conductivity of the films. Whereas, PP is an insulator film, its conductivity did 

not change when adsorbed the ethylene gas. After studying the ethylene adsorption 

behaviour, the PP and PP/MPPCHs nanocomposite films were further evaluated the 

conductivity when they adsorbed the ethylene gas. The conductivity of PP/modified 

porous clay nanocompsite films decreased with time increasing. Hence, it replied that 

thiol group in the modified PCHs caused the reduction of the conductivity when the 

films interacted with the ethylene gas. In addition, the higher content of clay leads to 

the higher of the conductivity of the PP/modified porous clay nanocomposite films at 

the beginning Finally, it can conclude that the PP/modified PCHs nanocomposite films 

performed significantly conductivity changing comparing to PP.  

 

Table 7  Conductivity of polypropylene (PP) and PP/modified PCHs nanocompos ite 

films 

 

 

Samples 

Conductivity*  

(Before) (S/cm) 

Conductivity** 

(After) (S/cm) 

Polypropylene (PP) 5.18x10-19 5.18x10-19 

1 wt% MPPCH(2:1)/Surlyn®/PP 3.22x10-17 7.92x10-19 

3 wt% MPPCH(2:1)/Surlyn®/PP 6.55x10-17 5.61x10-18 

5 wt% MPPCH(2:1)/Surlyn®/PP 1.75x10-17 2.18x10-18 

Note  * Conductivity of materials before ethylene gas adsorption. 

** Conductivity of materials after ethylene gas adsorption. 
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Fig11. The conductivity of PP and PP/modified PCHs nanocomposite films as a 

function of ethylene adsorption time. 

5.5  Conclusion 

 

In this work, the modified porous clay heterostructure was successfully 

synthesized through the surfactant-directed assembly of the interlayer spaces of 

bentonite and then functionalized with MPTMS/TEOS in molar ratios of 1:1, 2:1 and 

4:1 via the co-condensation reaction leading to form micelles in the interlayer spaces 

of the bentonite. After surface modification, modified MPPCHs revealed the 

roughness surface and showed high specific surface areas and porosity comparing to 

the bentonite. From the ethylene adsorption results, the modified MPPCHs had higher 

efficiency in ethylene adsorption than that of bentonite because the organic group 

(thiol) that incorporated in the PCH led to a non-polar surface, which caused better 

ethylene adsorption. In addition, conductivity of all modified MPPCHs displayed 

higher conductivity than bentonite. The MPPPCH (4:1) exhibited a great synergy 



77 
 

between ethylene adsorption and conductivity results. For the nanocomposite 

materials, the modified PCHs (MPPCHs) improve the thermal property of the 

nanocomposite due to the higher degradation temperature. However, high load of 

MPPCHs in PP possibly causes the drawback in nanocomposite film in term of 

stiffness. Loading of 3% by weight of MPPCH in PP nanocomposite is recommended. 

The PP/modified PCHs (MPPCHs) nanocomposite materials definitely present the 

better ethylene adsorption, greater conductivity value, and sharp retention of 

conductivity. Overall, modified PCHs (MPPCHs) and their nanocomposite films 

exhibit good performance as ethylene scavenger/sensor materials to be applied in the 

smart packaging. 
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CHAPTER VI 

SILVER-LOADED ON THE SURFACE OF THE POROUS CLAY  

HETEROSTRUCTURE (PCH) FOR USING AS ETHYLENE SCAVENGER 

IN FOOD PACKAGING 

 

6.1  Abstract 

 

Silver element (Ag) has significant characteristics and advantages such as 

stable shelf-life, excellent conductor, ethylene scavenger, and antimicrobial. For 

producing a new ethylene scavenger/sensor film, silver (Ag) was deposited on the 

surface of the porous clay heterostructure (PCH) which had been prepared by the 

surfactant-directed assembly of mesostructured silica and synthesized via the 

polymerization of tetraethoxysilane (TEOS), designated as Ag-PCH. The Ag-PCH 

was synthesisized with various weight percentages of silver (Ag) , presented as (N) 

wt% Ag-PCH. According to the results,  the 1 wt%, 3 wt%, and 5 wt% of (N) 

wt%Ag-PCHs were blended with polypropylene (PP) and fabricated into the 

nanocomposite films. The characteristics of Ag-PCH and (N)wt%Ag-PCH/PP 

nanocomposite films were investigated. Additionally, the ethylene adsorption of Ag-

PCH was measured by GC. This material is expected to use as freshness indicator 

packaging. 

 

Keyword: Silver (Ag), Porous clay Heterostructure (PCH), Ethylene scavenger, 

conductivity, freshness indicator packaging 

 

6.2  Introduction 

 

Ethylene (C2H4) acts as a plant hormone which accelerates respiration, 

leading to maturity and senescence, and ripening of many kinds of fruits. 

Furthermore, ethylene accumulation can cause yellowing of green vegetables and 

may be responsible for a number of specific post harvest disorders in fresh fruits and 
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vegetables. Ethylene can also be removed by using a number of chemical processes. 

There are many ethylene scavengers such as KMnO4, activated carbon, zeolite, and 

clay. Porous clay heterostructure (PCH) was choosen to study in this work due to the 

high specific surface areas which show a great amount of gas adsoption. A new PCH 

was introduced and synthesized by loading silver (Ag) inside the pore structure to 

perform in ethylene adsorption. Silver (Ag) has significant characteristics and 

advantages such as stable shelf-life, excellent conductor, ethylene scavenger, and 

antimicrobial [1-8]. Since the earliest published reports of the antimicrobial proper-

ties of silver colloids, silver nanoparticles (AgNP) have been found to be potent 

agents against numerous species of bacteria, such as E. coli, Enterococcus faecalis, 

and Staphylococcus (aureus and epidermidi). AgNPs are also effective against strains 

of these organisms that are resistant to potent chemical antimicrobials, including 

MRSA, MRSE, vancomycin-resistant Enterococcus (VRE) and extendedspectrum b-

lactamase (ESBL) producing Klebsiella. In addition, AgNPs are toxic to fungi [9-

12]. While AgNPs do likely serve as a source of Ag+ ions, they may have additional 

antimicrobial mechanisms. For instance, when normalizing for released Ag+ concen-

tration, AgNPs have been found to be more toxic to algae than equivalent dosages of 

AgNO3. Contrasting the study cited above, a separate report found that AgNPs had 

great effectiveness against silver resistant strains of P. mirabilis and E. coli and high-

lighted the fact that particles of different sizes, shapes or other characteristics may 

behave differently, even in the same [13-16].  

One of the biggest advantages of inorganic nanoparticles over molecular an-

timicrobials is the ease with which the former can be incorporated into polymers to 

form functional antimicrobial materials. This is especially true due to the controlled 

release properties of AgNPs, which can be engineered to remain potent antimicrobial 

agents for long periods of time. Thus, AgNP/ polymer nanocomposites are attractive 

materials for use in both medical devices as well as food packaging materials to pre-

serve shelf life. In addition, since silver particles catalyze the destruction of ethylene 

gas, fruits stored in the presence of AgNPs have slower ripening times and thus ex-

tended shelf lives [17-20]. Despite all of these advances in the use of silver 

nanostructures for food packaging applications, comprehensive studies in various 

polymeric systems are still lacking, and much work needs to be done to elucidate key 
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relationships that influence the antimicrobial strength of various AgNP-based PNC 

materials [21]. 

In this work, silver was synthesized in the PCH and evaluated the efficiency 

in ethylene adsorption to use as ethylene scavenger. The conductivity property of 

silver was further investigated to present the higher conductivity property and 

displayed as ethylene scavenger sensor for using in active and smart packagings.   

 

6.3  Materials and Methods 

 

6.3.1  Chemicals and Raw Materials 

 Pristine sodium bentonite (Na-BTN), with a cation exchange capacity 

(CEC) of 44.5 meq/100g, was kindly supplied by Thai Nippon Chemical Industry 

Co., LTD. (Thailand). Cetyltrimethylammonium Chloride (CTAC), performing as 

the cationic surfactant, and chemical substances such as tetraethoxysilane, silver 

nitrate (AgNO3),and ascorbic acid were purchased from Fluka and Acros, 

respectively. PP (Moplen HP525N, MFI 11) and Surlyn® (PC 350, MFI 5) were 

provided by HMC Polymers Co., Ltd. (Thailand) and DuPontTM. 

 

6.3.2  Synthesis of Porous Clay Heterostructures (PCHs) 

  Purified bentonite was changed into a quaternary ammonium 

exchange form by ion exchange with cetyltrimethylammonium chloride (CTAC) and 

was stirred at 50 °C. After that, the sample was filtered, washed with a mixture of 

methanol and water, and then air-dried overnight. The obtained organoclay was 

stirred in dodecylamine at 50 °C for 30 min before adding the tetraethoxysilane 

(TEOS) at a molar  ratio of organoclay:dodecylamine:TEOS of 1:20:150. The 

resulting suspension was stirred at 37 °C for 4 hours. The suspension was filtered 

and air-dried overnight to form the as synthesized PCH. Then the surfactant was 

removed from the as-synthesized PCH by solvent extraction using a mixture of 

methanol and HCl solution. Typically, 1 g of the as-synthesized PCH was added to 5 

ml of HCl and 45 ml of methanol, and was refluxed for 2 hours. 

 

6.3.3  Synthesis of Silver-Loaded Porous Clay Heterostructures 
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 Next, PCH was suspended in the mixture of AgNO3 and ethanol with 

various contents of silver in 1 wt%, 5 wt%, 10 wt%, 20 wt%, and 30 wt% to PCHs at 

30 °C. After 1 hour, the 0.1 M ascorbic acid was dropped into the suspension to re-

duce Ag+ to Ag0, designated as Ag-PCH. The Ag-PCH was collected by filtration 

and air-dried overnight  

 

6.3.4  Preparation of Polypropylene/clay Nanocomposite Film  

  The 1wt%, 3wt%, and 5wt% of Ag-PCHs, 2wt% of surlyn®, and PP 

were prepared by using twin-screw extruder (Labtech) with an L/D ratio of 40 and a 

screw diameter of 20 mm. The operation temperature was performed at 160, 165, 

170, 175, 180, 185, 190, 200, 210 and 215°C from hopper to die respectively and the 

screw speed was 30 rpm. 

 

6.3.5  Fabrication of Nanocomposite Films 

 The nanocomposite films were prepared by using blown film extru-

sion machine. The nanocomposite pellets were dried in an oven prior to blowing. The 

following extrusion conditions were employed at the rotation speed of the screw 

around 50 rpm and the blowing ratio was 1.52. The barrel and mold temperature 

were 210 °C. The thickness of the films was controlled to about 40 μm. 

 

6.3.6  Characterization 

6.3.6.1  X-Ray Fluorescence Spectrometry (XRF) 

 The elemental analysis of the pristine clay and the modified 

PCHs was carried out by using X-ray fluorescence technique. The excitation source 

was an X-ray tube with thin silver as the primary filter, operating at a tube voltage of 

35 kV. 

6.3.6.2  X-Ray Diffractometry (XRD) 

  An X-ray diffractometer (XRD) was used to obtain the d-

value of the bentonite and the organoclay to investigate the crystal structure of 

materials .The X-ray  diffraction patterns were measured on a Rigaku Model Dmax 

2002 diffractometer with Ni-filtered CuKa in WAXS mode operation at 45 kV, 200 
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mA, and on the 2θ range of 2 degree – 10 degree with a scan speed of 0.5 

degrees/min and a scan step 0.02 degree. SAXS mode was operated on the 2θ range 

of 0.1 to 8 degrees with a scan speed of 0.5 degrees/min and a scan step 0.02 degrees. 

6.3.6.3  Surface Area Analysis (SAA) 

 The N2 adsorption –desorption isotherms were obtained at -

196°C on a Sorptomatic analyzer. The samples were degassed at 150°C for 15 h in a 

vacuum furnace before analysis. Specific surface areas were calculated using the 

BET equation. The pore size distributions were constructed based on The Barrett, 

Joyner, and Halenda (BJH) method using the adsorption branch of the nitrogen 

isotherm. 

6.3.6.4  Scanning Electron Microscopy (SEM) 

  Scanning electron microscopy was performed with Hitachi S-

4800 Model to observe the surface morphology of all modified PCHs at 5 kV. The 

samples were sputtered with a thin layer of platinum for 180 seconds prior to the 

observation. 

6.3.6.5  Transmission electron microscopy (TEM) 

 JEOL Ltd, Tokyo, Japan was supplied for JEM-1400 electron 

microscope with an accelerating voltage of 100kV to observe structure of the pores 

and shape of the silver. The magnification was 60,000 times–80,000 times. The sam-

ples were supported on 300 mesh copper grids. 

6.3.6.6  X-ray photoelectron spectroscopy (XPS) 

 The structrre of modified PCHs were examined by XPS 

(Kratos axis ultra DLD model) with a monochromatic x-ray sorce (Al Kα anode). 

The base pressure during experiments was 3x10-9 Torr and analyzed area was 

700x300 µm2. Pass energy 160 eV was used for wide scan in order to get percentage 

of atomic concentration of Si2p, C1s, O1s and Ag3d compositions. Moreover, for 

quantitative analysis, narrow scan with pass energy 80 eV was used for Si2p, C1s, 

O1s and Ag3d spectra. Then all spectra were referred to the Ag3d peak at 368 eV 

and 374 eV.  

6.3.6.7  Differential scanning calorimetry (DSC) 
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Differential Scanning Calorimeter (METTLER, DSC822) 

was used to measure the crystallization and melting behavior of the PP/modified 

PCHs nanocomposites. The samples were heated and cooled from 30-200 °C, using a 

heating/cooling rate of 10 °C min-1 in a nitrogen. 

6.3.6.8  Thermogravimetric Analysis (TGA)  

   TGA analysis was performed with a TA Instruments TGA 

2950 over a temperature range 30-700 °C at a heating rate of 10 °C/min under N2 

atmosphere of 200 ml/min. The decomposition temperature and weight loss were 

measured.  

6.3.6.9  Tensile Properties  

  Tensile test of PP/modified porous clay nanocomposite fims 

were carried out by a LLOYD Universal Testing Machine model 4206 by ASTM D 

638. A gage length of 50 mm was employed with a crosshead speed of 50 mm/min 

and preload 0.01 N. 

6.3.6.10  Ethylene Adsorption 

  A gas chromatograph ( Model 910, BUCK Sciencific) with a 

helium ionization detector was utilized to examine the ethylene adsorption capacity 

of the porous clays. Ethylene was injected into a chamber  to give a specific 

concentration of 5000 ppm. Ethylene concentration in the chamber was measured 

periodically, about once per hour. The ethylene adsorption was calculated by taking 

the difference between the amount of ethylene added and the amount remaining in 

the headspace. 

6.3.6.11  Conductivity Measurement  

   The electrical conductivity of the mesoporous materials were 

observed using Impedance test by LCR meter (Agilent E4980A) as the function 

between Z (ohm) and θ (radian). The clay pellets were covered with platinum and 

placed between the 2 probes and the tests were run at 20 Volts with varying 

frequency from 20 Hz to 1 MHz. Finally, the results were calculated by Nyquist’s 

plot to obtain the semi circle and find the resistivity from the intersect of x axis at the 

high frequency. 

6.3.6.12  Keithley Electrometer for Conductivity Measurement 
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   The electrical conductivity of the nanocomposite films were 

observed using Keithley Electrometer with 6517B Hi-R test. The film was placed 

between the 2 probes in the vacuum box. The tests were run by varying the voltages 

in 1, 5, 10, 20 and 100 Volts and then calculated the electrical conductivity from 

plotting between the current and the applied voltage. The volume resistivity was 

calaculated by Equation (1). 

 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 =  22.9
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠,𝑐𝑚

 ×  𝑉
𝐼

 (𝑜ℎ𝑚 ∙ 𝑐𝑚)             (1) 

 

6.4  Results and Discussions 

 

6.4.1  Crystallography of Bentonite and modified PCHs 

 Bentonite (BTN) was stirred with cetyltrimethylammonium chloride 

(CTAC) to prepare the organoclay.  Bentonite and organoclay have a long period 

structure due to the corresponding XRD diffraction peaks. As seen from Figure 1, the 

basal spacing of BTN was 1.16 nm (Figure 1(a)). After BTN was treated with CTAC, 

the new peaks were observed at lower angle (Figure 1 (b)) indicating the increasing 

of distance between clay layers. The d-spacing of organoclay was 1.90 nm. The re-

sults are shown in Table 1. 

 

Table 1  Basal spacing of BTN, organoclay, and porous clay 

 

Sample 2θ (degree) d-value 

(nm) 

Bentonite 7.62 1.16 

Organoclay 4.64 1.90 
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Figure 1  XRD patterns of (a) Bentonite, (b) organoclay (CTAC), and (c) PCH. 

  

 After porous modification with silica source, the PCH was examined 

by SAXS mode (Rigaku Corporation, Japan). In figure 1(c), the results showed that 

there were no diffraction peaks like BTN and organoclay.  Disorder of silica frame-

work which was formed in the galleries of clay and highly shielded the regular inter-

stratifications of the clay layers. So the XRD patterns in figure 1 (c) showed only dif-

fuse scattering. It meant that the structure of PCH was pore structure not long period 

structure. The average pore diameter of PCH was 3.18 nm. 

 Figure 2 shows XRD patterns of different various ratio of silver con-

tent of all Ag−PCHs. Five peaks at 2θ values of 38.0760, 44.2751, 64.3916, and 

77.3401 deg corresponding to (111), (200), (220), and (311) planes of Silver are ob-

served and compared with the standard powder diffraction card of DB card number 

(00-001-1167) [7]. The XRD study indicates that the silver particle successfully em-

bedded in the PCHs. 
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Figure 2  XRD patterns of Bentonite (BTN), porous clay heterostructure (PCH) and 

all modified PCHs (Ag−PCHs). 

 

6.4.2  Morphology of Bentonite and Modified PCHs 

 Normally, the Bentonite exhibited a layered or plate-like structure in 

SEM image (Figure 3(a)). After porous modification, the SEM images of all 

Ag−PCHs (Figure 3(b) −3(g)) revealed a roughness on the surface of clay layers 

comparing to pristine clay. Moreover, increasing the weight ratio of silver caused 

much small grains on the top of the surface of clay.  
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(a) Bentonite 

(b) PCH 

(c) 1 wt% Ag−PCH 
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(d) 5 wt% Ag−PCH 

(e) 10 wt% Ag−PCH 

(f) 20 wt% Ag−PCH 
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Figure 3  SEM images of (a) BTN, (b) PCH, (c) 1wt% Ag−PCH, (d) 5wt% 

Ag−PCH, (e) 10wt% Ag−PCH, (f) 20wt% Ag−PCH, and (g) 30wt% Ag−PCH. 

 

The presence of the clay layers was confirmed by the TEM images of 

representative porous clay heterostructures (Figure 4). From the TEM images, the 

clay layers were discernible as solid dark lines and revealed aggregated domains of 

several layers. Although the clay layers were easily observed, the pore structure in 

the galleries of the clay was more difficult to notice because of their structures. It 

may claim that the light spot might be the pore structures. TEM image of synthesized 

Ag–PCH was used to observe the appearance and size of the silver particles. The 

shape of the silver particles looked like the spherical and the size was around 10 nm 

− 20 nm (Figure 4 (b) − 4(c).  

 

(g) 30 wt% Ag-PCH 

(a) PCH 
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Figure 4  Transmission electron microscopy images of (a) porous clay heterostruc-

ture (PCH), (b) silver loaded porous clay heterostructure (Ag−PCH), and (c) silver 

particles. 

 

6.4.3  Elemental Analysis 

   After surface modification, the percentage of composition of all modi-

fied Ag-PCHs were investigated. From table 2, the result showed that all % element 

compositions were changed. The % composition of Na in all modified PCHs de-

creased due to the cationic exchange from CTAC, compared to BTN. Furthermore, 

(b) Ag–PCH 

(c) Ag particles 



95 
 

the % Ag composition proportionally increased with increasing the weight percent-

age of silver loaded in the PCHs.  

 

Table 2  Elemental analysis from XRF result 

  

Sample 
% composition of  elements 

O Si Na Mg Al K Ca Fe Ag Total 

BTN 39.07 33.56 3.02 3.74 17.86 0.39 1.05 1.31 - 100 

PCH 46.83 39.78 0.04 2.07 10.75 0.1 0.03 0.4 - 100 

1 wt% Ag-PCH 48.71 39.81 0.70 1.28 7.80 0.18 0.06 0.75 0.71 100 

5wt% Ag-PCH 43.82 39.78 0.76 2.28 10.29 0.14 0.02 0.45 4.84 100 

10 wt% Ag-PCH 44.95 38.27 0.41 1.14 9.5 0.16 0.02 0.32 7.03 100 

20 wt% Ag-PCH 46.93 38.64 0.32 1.62 8.3 0.07 0.02 0.26 5.31 100 

30 wt% Ag-PCH 43.33 36.88 0.18 1.61 8.05 0.09 0.01 0.19 13.75 100 
 

 

6.4.4  Structural Analysis 

  After modification, the structure of all modified PCHs were examined 

in order to comfirm that silver was successfully incorperated in the PCHs. Figure 5 

shows the wide scan of the sample. The binding energies were 531eV, 284 eV, 102 

eV, 368 eV, and 374 eV correspoding to O1s, C1s, Si2p, Ag3d3/2, and Ag3d5/2, 

repectively. From binding energy, the structure of PCH and Ag-PCH were assigned 

in the scheme (1). 
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Figure 5  XPS spectra for wide analysis. 

 

 

 

Si

C2H5O

C2H5O

O O H+

  

Si

C2H5O

C2H5O

O O Ag

 
 

 

 

Scheme 1  Structure of PCH and Ag−PCH. 

 

6.4.5  Surface Areas Analysis 

    From N2 adsorption-desorption, the specific surface area of Bentonite 

was 31 m2/g. After modification, the specific surface areas of PCH and all Ag−PCHs 

were significantly increased comparing to BTN (Table 3). Average pore diameter 

and pore volume of PCH and Ag−PCHs were about 3.50 nm − 5.50 nm and 0.20 cc/g 

− 0.60 cc/g, ordered in mesopore range. However, the specific surface areas, average 

531 

284 

102 
374, 368 

(a) PCH (b) Ag−PCH 
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pore diameter and pore volume of all Ag−PCHs decreased when the amount of silver 

contents increased. It confirmed that Ag was loaded inside the pore structure.  

 

Table 3  Specific surface areas from the N2 adsorption-desorption 

 

Sample 
Multipoint BET 

surface area (m2/g) 

Average pore 

diameter (nm) 

BJH pore volume 

(cc/g) 

BTN 31.0 

 

- 

 

- 
PCH 437.0 5.45 0.60 

1wt%Ag−PCH 401.5 4.10 0.30 

5wt%Ag−PCH  

 

 

342.6 3.75 0.32 

10wt%Ag−PCH 318.3 3.49 0.28 

20wt%Ag−PCH 309.0 3.76 0.34 

30wt%Ag−PCH 109.8 3.94 0.19 

 

 

6.4.6  Ethylene Adsorption of Ag−PCHs 

  The adsorption behaviour of ethylene gas, Ag–PCHs was examined 

by using gas chromatography (GC), Model 910, BUCK Scientific with a helium ion-

ization detector. Ethylene gas was injected into a chamber to give a specific concen-

tration of 5000 ppm. Ethylene concentration in the chamber was measured periodi-

cally, about once per hour until saturated condition. The ethylene adsorption was cal-

culated by taking the difference between the amount of ethylene added and the 

amount remaining in the headspace. Figure 6 showed the adsorption capacity of the 

Ag−PCHs compared to that of BTN. The concentration of ethylene gas in the cham-

ber proportionally decreased with time consuming and amount of silver contents. It 

explained that these materials could adsorb the ethylene gas. So Ag−PCHs acted as a 

good ethylene absorber comparing to all of materials. Among all Ag−PCHs, 10 

wt%Ag−PCH represented as the good ethylene scavenger because of high silver 

loading and high specific surface area.  
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Figure 6  Ethylene adsorption of BTN, PCH, and Ag−PCHs at the equilibrium state. 

 

6.4.7  Conductivity of Bentonite and Ag−PCHs 

   The electrical conductivity measurement was taken as an approach to 

the performance of the modified porous clay as the ethylene sensor. From Table 4, 

the conductivity of bentonite was 1.81X10-6 S/cm and the conductivity of all 

Ag−PCHs were greater than that of BTN. The conductivity of PCH decreased as a 

result of more organic compound which are non-polar. From the result, the conduc-

tivity of all Ag-PCHs increased with the increasing of amount of silver loading. This 

is explained based on the fact that the silver element shows the largest conductivity 

values. It concluded that the conductivity of modified PCH increased with content of 

conducting material (silver) which was loaded in the PCH. From measurement re-

sults, it was implied that the silver element plays an important role in conductivity 

part and it also showed the significant increasing on conductivity value. Although the 

30 wt% Ag−PCH showed the highest conductivity value, 10 wt% Ag−PCH was cho-

sen to study further in nanocomposite film via blending with polypropylene. And the 
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last this 10 wt% Ag−PCH/PP nanocomposite was evaluated about its conductive 

sensing in the film form. 

 

Table 4. Conductivity of bentonite and Ag-PCHs  

 

Sample Conductivity (S/cm) 

Bentonite 1.81x10
-6

 

PCH 1.3x10
-7

 

1wt%Ag-PCH 1.57x10
-6

 

5wt%Ag-PCH 3.87x10
-6

 

10wt%Ag-PCH 4.38x10
-6

 

20wt%Ag-PCH 4.45x10
-6

 

30wt%Ag-PCH 1.30x10
-3

 

 

 

6.4.8  Thermal properties of nanocomposite 

  According to previous results, 10wt% Ag−PCH was chosen to blend 

with polypropylene (PP) through twin screw extruder to obtain nanocomposite pel-

lets. The crystallization and melting behavior of PP/MPPCH nanocomposites com-

pared to PP were measured by Differential Scanning Calorimeter (DSC) using Met-

tler DSC 822 STARe System. The pellets were heated from 30°C to 200°C at a heat-

ing rate of 10°C/min in order to eliminate the influence of thermal history and then 

cooled down from 200°C to 30°C to observe melt crystallization behavior. After that, 

reheated to 200°C to observe melting behavior. 

The crystallinity of samples was calculated by this equation, 

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =  ∆𝐻𝑠𝑎𝑚𝑝𝑙𝑒

∆𝐻°
× 100                                 (2) 
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Where, ∆Hsample = enthalpy of fusion of the sample (J/g) 

  ∆HPP  = enthalpy of fusion of completely crystalline (207 J/g) 

 Melting temperatures of PP and PP/modified Ag−PCHs nanocompo-

sites were observed by DSC heating scan thermograms in Figure 7. The melting 

temperature of PP is 164.0 °C while the melting temperature of the PP/modified 

Ag−PCHs nanocomposites is around 163 °C - 164 °C. These results suggested that 

the additions of a compatibilizer surlyn ionomer and various types of porous clay 

have minimal effect on the melting temperatures. For crystallization behaviors of PP 

and the nanocomposites were presented by DSC cooling scan thermograms in Figure 

8 and Table 5. The results showed that the crystallization of PP was significantly af-

fected by both the presence of a compatibilizer surlyn® ionomer and modified po-

rous clays. As shown in Figure. 6, the PP presented the crystallization temperature at 

114.5 °C .And the PP/modified Ag-PCHs nanocomposites exhibited quite similar 

crystallization temperature not different much from PP, whereas the % crystallinity 

of PP/modified Ag−PCHs nanocomposites displayed the lower percentage of crystal-

linity than that of pure PP, indicating that the PP−clay interface played an important 

role in the crystallization behavior. These results referred to the good dispersion of 

modified PCHs in the PP matrix. 
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Figure 7  DSC heating scan thermograms of pure PP and PP/modified Ag−PCHs 

nanocomposites. 

 
 

Figure 8  DSC cooling scan thermograms of pure PP and PP/modified Ag-PCHs.  

Nanocomposites. 
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Table 5  Crystallization behavior of PP and PP/modified Ag-PCHs nanocomposites 

 

Sample 
T

c
 peak 

(°C) 
T

m
 peak 

(°C) 
∆H

m
 

(J/g) 
Crystallinity 

(%) 

PP 114.5 164.0 100.55 48.57 

2 wt% Surlyn/PP 111.5 164.1 95.05 45.00 

1 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 115.9 163.0 99.54 46.64 

3 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 

115.4 164.1 93.36 42.84 

5 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 
 

115.7 163.8 97.47 43.79 

 

  

 Thermogravimetric analysis (TGA) was used to study the thermal sta-

bility of PP/Ag−PCH nanocomposites compared to PP. The degradation temperature 

of samples was determined by Perkin Elmer Pyris Diamond TG/DTA instrument. 

The pellets were loaded on platinum pan and heated from 30°C to 700°C at a heating 

rate of 10°C/min and flow under N2 200 ml/min. The increase in thermal stability 

and melting temperature are due to the intercalation or the separation of the silicate 

layers as well as better dispersion of the silicate layers. TG-DTA curves of PP and 

the PP/modified Ag−PCHs nanocomposites were delineated in Figure 9 and all re-

sults of thermal properties were listed in Table 6. The thermal degradation of PP and 

all PP/ modified Ag−PCHs nanocomposites occurred in a single stage, and it indicat-

ed that thermal stability of the nanocomposites was marginally increased when com-

pared to that of virgin PP.  

 In general, the shift considerably toward higher temperature was at-

tributed to the formation of a high-performance carbonaceous-silicate char, building 

up on the surface. In spite of all these, the results answered that the addition of these 

modified porous clays just slightly improved the thermal stability of PP which might 

be responsible for some destruction of clay layers on Ag−PCHs materials or due to 
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the intercalation or the separation of the silicate layers as well as better dispersion of 

the silicate layers. 

 

 
 

Figure 9  TG-DTA curves of pure PP and modified Ag−PCH nanocomposites. 

 

Table 6. Thermal properties of PP and PP/modified PCHs nanocomposites 

 

Sample 
T

d
 peak 

 (°C) 

Char residue at 600 °C  
(%) 

PP 452.5 0.07 

2 wt% Surlyn/PP 455.7 0.07 

1 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 

455.7 0.87 

3 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 456.6 2.67 

5 wt% (10wt% Ag−PCH)/ 
2 wt% Surlyn/PP 

456.9 4.98 
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6.4.9  Mechanical Property of Nanocomposite Films 

 The effect of clay contents on the mechanical properties of all 

PP/modified PCHs nanocomposites was emphasized on the tensile modulus, tensile 

strength and % elongation. The results were shown in Figure 10 (a), (b) and (c), re-

spectively. The average values of these mechanical properties were reported in Table 

5. Tensile modulus and strength of all Ag−PCH/PP nanocomposites were greater 

than those of pure PP, on the other hand, the tensile modulus and strength of 5 wt% 

(10 wt% Ag−PCH)/PP was decreased because the lower content of compatibilizer in 

PP/clay affected to the poor dispersion of modified porous clay in the composition. 

The decrease in tensile modulus and tensile strength of PP/clay nanocomposites 

could also involve with the remaining of some impurities (quartz) in bentonite clay 

as inhomogeneous aggregates. The aggregations of clays or the impurities act as 

stress concentrators, allowing crack initiation and propagation, consequently decreas-

ing the mechanical performance of the nanocomposites. 

The percentage of elongation was represented in Figure 10 (c). The % 

elongation of both composites was reduced with increasing the clay contents. The 

reduction of elongation may be due to the stiffness from Ag−PCHs that acted as the 

reinforcement, or the greater interaction between filler and polymer matrix, which 

probably leads to a lower polymeric chain mobility, making the material more rigid. 

Furthermore, the agglomeration of clay particles also caused the defect in the PP ma-

trix leading to drop the mechanical property. 
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Figure 10  Mechanical properties of PP and 10wt% Ag-PCH/PP composite films 

with various contents of clay loading: (a) Young’s modulus (b) Tensile strength, and 

(c) %Elongation. 

 

Table 7  Young’s modulus, tensile strength, and % elongation of PP and 10wt% Ag-

PCH/PP composites with various compositions     

 

Sample Modulus 
(MPa) 

Tensile 
strength (MPa) 

% Elongation  
at break 

PP 1052 ± 254 21.92 ± 1.68 353.91 ± 8.21 

1 wt% (10 wt% Ag−PCH)/ 
2 wt% Surlyn/PP 1038± 132 22.28 ± 2.97 356.50 ± 17.12 

3 wt% (10 wt% Ag−PCH)/ 
2 wt% Surlyn/PP 

1141 ± 230 24.80 ± 4.17 363.82 ± 18.05 

5 wt% (10 wt% Ag−PCH)/ 
2 wt% Surlyn/PP 

1126 ±332 21.20 ± 4.60 355.10 ± 23.37 
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6.4.10  Ethylene Adsorption 

     Adsorption behaviour of ethylene gas within the PP/modified porous 

clay composite films was examined using gas chromatography. Figure 11 showed the 

amount of ethylene adsorption of PP and all the composite films. The amount of eth-

ylene adsorption proportionally increased with the increasing of clay contents. This 

was explained that the higher amount of clay led to the better ethylene adsorption. It 

concluded that the silver on the surface of clay adsorbed the ethylene gas and the 

amount of clay also affected to ethylene adsorption ability. In conclusion, all 10 wt% 

Ag−PCH/PP composite film performed the better ethylene adsorption than neat PP. 

 
 

Figure 11  Ethylene reduction capacity of PP, 1wt% (10wt%Ag-PCH)/PP, 3wt% 

(10wt%Ag-PCH)/PP, and 5wt% (10wt%Ag-PCH)/PP nanocomposite films. 

 

6.4.11  Conductivity of Composite Films  

    PP/modified Ag-PCHs composite films were the films which con-

sisted of the modified PCHs; loading with silver (Ag) nanoparticles that effected to 

the conductivity of the films. Whereas, PP is an insulator film, its conductivity did 

not change when adsorbed the ethylene gas. After investigating the ethylene adsorp-
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tion, the PP and PP/modified Ag−PCHs composite films were evaluated the conduc-

tivity when adsorbed the ethylene gas. The conductivity of PP/modified porous clay 

composite films decreased with time. When the films interacted with the ethylene 

gas, their conductivity decreased. Additionally, the higher content of clay conducted 

to the higher of the conductivity of the PP/modified Ag−PCHs composite films. 

Eventually, it can conclude that the PP/modified PCHs composite films performed 

significantly conductivity changing comparing to PP.  

 
 

Figure 12  The conductivity of PP and Ag-PCHs/PP composite films as a function of 

time adsorbing to the ethylene gas. 

 

 

Sample Conductivity* 
(1st day) (S/cm) 

Conductivity**  
(Equilibrium state) (S/cm) 
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Table 8  Conductivity of polypropylene (PP) and PP/modified PCHs composite films 

Note * Conductivity of materials before adsorbing the ethylene gas. 

** Conductivity of materials after adsorbing the ethylene gas. 

 

6.5  Conclusion 

 

In this work, the silver (Ag) nanoparticles was successfully embedded into 

the porous structure of the PCH. According to the results, it concluded that Ag−PCH 

revealed porous structure due to scattering spectra, and also exhibited the roughly 

surface and small grains with increasing the contents of silver. Furthermore, the 

Ag−PCHs performed the higher efficiency in adsorbing ethylene gas, comparing to 

BTN and PCH. The 10 wt%Ag−PCH was chosen to blend with PP due to it’s the 

best ethylene adsorption and the great conductivity property and then fabricated into 

PP/clay composite films with various 1 wt%, 3 wt%, 5 wt% Ag-PCH loading. Re-

ferred to thermal and mechanical result, all PP/Ag−PCHs composite films presented 

improving in thermal and mechanical property due to higher Td, higher modulus and 

tensile strength and also higher elongation at break. Moreover, all PP/Ag−PCHs 

composite films showed the greater value in ethylene adsorption and conductivity 

result. In addition, PP/Ag−PCHs composite films also displayed the sensing to the 

ethylene gas by conductivity dropping.  In conclusion, Ag−PCHs and Ag-PCHs/PP 

composite films eventually claimed that they acted as the ethylene scavenger and 

ethylene gas sensing films.  

 

PP 5.17x10
-19

 5.17x10
-19

 

1 wt% (10 wt% Ag-PCH)/ 
2 wt% Surlyn/PP 

1.34x10
-16

 1.01x10
-16

 

3 wt% (10 wt% Ag-PCH)/ 
2 wt% Surlyn/PP 

1.86x10
-16

 1.09x10
-16

 

5 wt% (10 wt% Ag-PCH)/ 
2 wt% Surlyn/PP 

1.96x10
-16

 1.15x10
-16
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CHAPTER VII 

INVESTIGATION OF POLYPROPYLENE/MODIFIED POROUS CLAY 

HETEROSTRUCTURE NANOCOMPOSITE FILMS:  

DIELECTRIC PROPERTY AND THERMAL EXPANSION 

 

7.1  Abstract 

 

Polypropylene (PP) was doped with modified PCHs assigned as 

PP/modified PCHs nanocomposite films. The PP/modified PCHs were HPCH, 

MPPCH, and Ag-PCH which conatained the various type of  functional group such 

as methyl group, thiol group, and metal group (Silver). The effect of dopants werer 

studied base on dielectric property and thermal expansion. According to the dielecric 

property,the dieclectric constantpf  PP and PP/modified PCHs nanocomposite films 

decreased by frequency dependent. Moreover, all samples exhibited only one 

relaxation at 20 KHz, referred to the transition from interfacial polarizatio to dipolar 

polarization. Subsequently, adding clay as a filler presented the low thermal expasion 

coefficient. 

 

Keyword: PP/modified PCHs, nanocomposite film, dielectric property, thermal ex-

pansion, multilayer capacitor 

 

7.2  Introduction 

 

 Polymer layered silicate nanocomposites have shown great promise in 

technological sector since they offer significant enhancement in properties. The 

nanocomposites of polypropylene with organically modified layered silicates and 

functionalized polypropylene by melt intercalation technique are well known in the 

field of polymer nanotechnology [1-5]. These nanocomposites are also interesting 

from research point of view and many attempts have been made to explore the 

interaction of these clays with polymers using various preparation and 

characterization techniques [6-10]. As the clays are hydrophobic, major problem in 
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developing these nanocomposites is of dispersing clay in non-polar polymers such as 

polypropylene (PP). As a result number of studies on clay modification and use of 

different compatibilizers have been reported [11-16]. Depending on the state of 

dispersion of clay platelets in the polymer matrix, the nanocomposites can be 

classified as intercalated or exfoliated nanocomposites [17]. The intercalated clay-

polymer nanocomposites have clay layers dispersed in a polymer matrix with larger 

inter gallery spacing associated with the insertion of polymer chains into the gallery. 

In some cases, nanocomposites exhibit exfoliated structure, wherein the silicate 

layers are completely delaminated and dispersed randomly in the polymer matrix. 

However in practice, most of the times a combination of intercalated and exfoliated 

structures is observed and the extent of intercalation or exfoliation depends on the 

polymer clay interaction and the processing conditions.  The reported literature on 

PP/clay nanocomposites is mostly on three phase system namely PP-compatibilizer-

clay. The dispersion of the clay and the properties of these nanocomposites mostly 

depend on the type, amount of the compatibilizer used and also the modification of 

clay. The interaction of the compatibilizer is well understood by studying two phase 

systems consisting of the compatibilizer and the clay. There have been few reports 

on the compatibilizer/clay systems [18-20]. However, the results are specific to the 

compatibilizer and the clay used in the study. Our earlier work on dynamics of poly-

mer/clay nanocomposites have shown that the molecular dynamics of the polymer is 

significantly affected by the clay dispersion [21-25]. 

In this work, PP and PP/modified PCHs nanocomposite were studied about 

dielectric property and thermal expansion property in order to understand the effect 

of various type of dopants and their behaviour. These nanocomposite materials were 

evaluated for using in capacitor application.  

 

7.3  Materials and Methods 

 

7.3.1  Chemicals and Raw Materials 

  Pristine sodium bentonite (Na-BTN), with a cation exchange capacity 

(CEC) of 44.5 meq/100g, was kindly supplied by Thai Nippon Co. Ltd. (Thailand). 

Cetyltrimethylammonium Chloride (CTAC), performing as the cationic surfactant, 
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and chemical substances such as tetraethoxysilane, silver nitrate (AgNO3),and 

ascorbic acid were purchased from Fluka and Acros, respectively. PP (Moplen 

HP525N, MFI 11) and Surlyn® (PC 350, MFI 5) were provided by HMC Polymers 

Co., Ltd. (Thailand) and DuPontTM. 

 

 7.3.2  Synthesis of Porous Clay Heterostructures (PCHs) 

  Purified bentonite was changed into a quaternary ammonium 

exchange form by ion exchange with cetyltrimethylammonium chloride (CTAC) and 

was stirred at 50 °C. After that, the sample was filtered, washed with a mixture of 

methanol and water, and then air-dried overnight. The obtained organoclay was 

stirred in dodecylamine at 50 °C for 30 min before adding the tetraethoxysilane 

(TEOS) at a molar  ratio of organoclay:dodecylamine:TEOS of 1:20:150. The 

resulting suspension was stirred at 37°C for 4 hours. The suspension was filtered and 

air-dried overnight to form the as synthesized PCH. Then the surfactant was removed 

from the as-synthesized PCH by solvent extraction using a mixture of methanol and 

HCl solution. Typically, 1 g of the as-synthesized PCH was added to 5 ml of HCl 

and 45 ml of methanol, and was refluxed for 2 hours. 

 

7.3.3  Synthesis of Hybrid Organic–Inorganic Porous Clay Heterostructures   

          with Functional Groups 
 According to the previous PCH forming step, a mixture of TEOS and 

MTS in a mole fraction of 0.5:0.5 was added and stirred for a further 12h at 35 °C. 

For the conductive functional group, the mixture of TEOS and MPTMS, in a mole 

fraction of 1:2, was added under N2 atmosphere and stirred for a further 24 h at room 

temperature. The obtained modified PCHs were collected by filtration and air-dried 

overnight at room temperature. Then the surfactant was removed from the as-

synthesized modified PCH by solvent extraction. The modified PCHs by MTS and 

MPTMS are named HPCH and MPPCH, respectively. 
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 7.3.4  Synthesis of Silver-Loaded Porous Clay Heterostructures 

 Next, PCH was suspended in the mixture of AgNO3 and ethanol at 30 

°C. After 1 hour, the 0.1 M ascorbic acid was dropped into the suspension to reduce 

Ag+ to Ag0, designated as Ag−PCH. The Ag−PCH was collected by filtration and 

air-dried overnight. 

 

7.3.5  Preparation of Polypropylene/clay Nanocomposite Film  

  The 1 wt% of modified PCHs, 2 wt% of surlyn®, and PP were pre-

pared by using twin-screw extruder (Labtech) with L/D = 40 and D = 20 mm. The 

operation temperature was performed at 160, 165, 170, 175, 180, 185, 190, 200, 210 

and 215°C from hopper to die respectively and the screw speed was 30 rpm. 

 

7.3.6  Fabrication of Nanocomposite Films 

   The nanocomposite films were prepared by using blown film extru-

sion machine. The nanocomposite pellets were dried in an oven prior to blowing. The 

following extrusion conditions were employed at the rotation speed of the screw 

around 50 rpm and the blowing ratio was 1.52. The barrel and mold temperature 

were 210 °C. The thickness of the films was controlled to about 40 μm. 

 

7.3.7  Characterization 

  7.3.7.1  Dielectric Property  

  The dielectric properties of the samples were measured at 

various frequencies and temperatures. The dielectric properties of the samples with a 

function of temperature (173 K to 373 K) were measured by a LCR meter (HP 

4284A) under He atmosphere with the heating and cooling rate of 3 K/min and also 

collected as a function in diamater. The tests were investigated the capacitance (C) of 

the samples. Then, the dielectric constant (k) was calculated from the capacitance by 

using Equation (1). 

𝐶 =  𝜀0𝑘𝐴 
𝑑                                                           (1) 
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Where C is capacitance of the composite (F), ε0 is dielectric constant of the free 

space (8.85 × 10-12 F/m), A is electrode area (m2), and d is distance between 

electrodes, i.e.thickness of the samples (m). 

  7.3.7.2  Thermal Expansion Property 

   Thermal expansion of the samples was carried out by using a 

dilatometer. The measurement was performed at the various temperture from 373 K 

to 173 K under the N2 atmosphere. The samples were cut intio the bar shape ( 3.00 

mm × 7.00 mm × 3.00 mm) before testing. The parameters were calculated by using 

Equation (2). 
∆𝐿 
𝐿0

=  𝛼∆𝑇     (2) 

Where ∆L is change in length (m), α is linear expansion coefficient (K-1), ∆T is 

change in temperature (K). 

 

7.4  Results and Discussion 

 

7.4.1  Dielectric property 

 Normally, the dielectric constant of PP is 2.2-2.3. PP/modified PCHs 

were examined the electrical property via dielectric property. The experiment was 

carried out at various frequencies and temperatures. The dielectric properties of the 

samples with a function of temperature (173 K to 373K) were measured by a LCR 

meter (HP 4284A) under He atmosphere with the heating and cooling rate of 3 

K/min. The results showed that when frequency increased, the dielectric constant de-

creased. For the function of temperature, the dielectric constant did not change much 

because it depends on the nature of the materials. Figure 1(b) showed that loss of 

Ag−PCH exhibited like the straight line which replied that Ag-PCH has the behav-

iour like the conductive material. 
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      (a) 

 

PP 
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      (b) 

 

Figure 1  Dielectric constant and loss tangent of PP and Ag-PCH at function of tem-

perature. 

Ag-PCH/PP 

Ag-PCH/PP 
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For the function of frequency (Figure 2), PP presented the lowest die-

lectric constant while the dielectric constant of nanocomposite revealed higher with 

different dopants (Table 1). Furthermore, Ag-PCH/PP showed the highest dielectric 

constant. However, it showed the highest loss too. From the results, the dielectric 

constant decreased with frequency increasing because of the transition from interfa-

cial polarization to dipole polarization. Interfacial polarization generally takes a 

longer time to form completely than other polarization. Hence, PP failed to accumu-

late charges at structure interfaces at high frequency. From the graph, it shows that 

PP is a good capacitor material at low frequency with a low loss and stable dielectric 

constant from 100 Hz – 10 kHz. 

 Concerning about relaxation, the figure showed that there was one re-

laxation at 20 KHz and it was not shifted. That means clay which added into the PP 

did not perform any effect. It can explain that the relaxation which occurred is the 

molecular relaxation due to the vibration of the molecules in the polymer chains. In 

case of one relaxation frequency, the Arrhenius equation (3) was performed to calcu-

late the relaxation process. 

   𝜏 =  𝜏 0 exp(𝐸𝑎 𝑘𝐵⁄ 𝑇)      (3) 

 

ln Eq. (3), τ = 1/fmax and fmax is the frequency at the temperature which relaxation 

peak has the maximum, τ0 represents the characteristic macroscopic relaxation time 

and Ea is the so-called activation energy. The plot between lnτ vs 1/T is plotted in 

Figure 3 for the relaxation time in the temperature ranges of 173K- 373K. From the 

plot using Eq. (3), it gives the parameter τ0 = 1.16×10-7 s, Ea = 2.72 eV, and τ = 

7.96×10-6 s. From relaxation time (τ), it confirmed that the relaxation occurred 

through the cooperation motions of polymer segment. To conclude that, relaxation of 

these nanocomposite materials takes place from α-relaxation of PP related to molec-

ular relaxation in the crystalline phase leading to electrical conduction.  
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Figure 2  Dielectric constant and loss tangent in function of frequency at 20 °C 
(293K). 
 

(b) 

(a) 
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Table 1. Dielectric constant of PP and PP/modified PCHs nanocomposite films 

 

Sample Dielectric constant (ε′) 

PP 2.15 

PCH/PP 2.40 

HPCH/PP 2.30 

MPPCH/PP 2.26 

Ag-PCH/PP 2.43 

 

 
Figure 3  Plot of lnτ-1000/T.  

 

7.4.2  Thermal Expansion 

   Normally, PP is a negative thermal expansion material which only 

expand by heating. Figure 4 presented the loop of experimental data. The experiment 

τ0 = 1.16×10-7 s 
Ea = 2.72 eV 
 

ln (τ) 
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was carried out by heating and cooling. And then investigated Tg by intersection of 

the curve. From Table 2, the results showed that glass transition temperature (Tg) of 

nanocomposite film was greater than neat PP. As the reinforcement, clay caused the 

rigid to the molecule so that the molecule cannot move in order to increase the Tg. 

Moreover, adding clay as fillers resulted in less thermal expansion coefficient. 

 
 

Figure 4  The loop of thermal expansion experiment. 
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Figure 5  Tg and Ts point of the cooling cycle. 

 

Table 2  The values from thermal expansion analysis 

 

Samples  Tg (°C) Ts (°C) 
∆L/L

0  
(x10-4) 

α
<Tg 

 

(x10
-6

) 

α
RT 

  

(x10
-6

) 

α
>Tg 

 

(x10
-6

) 

PP -25 48 68.21 63.68 101.88 107.87 

PCH/PP -17 54 55.57 67.30 69.90 77.11 

HPCH/PP -15 56 62.93 59.24 61.78 64.53 

MPPCH/PP -14 57 66.66 63.41 83.72 85.06 

Ag−PCH/PP -21 58 61.98 63.85 83.89 87.53 
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7.5  Conclusion 

  

 PP and PP/ modified PCHs nanocomposite films were evaluate and investi-

gate the dielectric constant and thermal expansion. From the result, PP/modified 

PCHs showed the decreasing of dielectric constant versus frequency increasing. The 

dielectric constant decreased because of the transition from interfacial polarization to 

dipolar polarization. In addition, PP and PP/modified PCHs had only one relaxation 

which is molecular relaxation from PP chain at 20 KHz. Furthermore, adding clay 

caused Tg of nanocomposite films higher than neat PP and also performed low ther-

mal expansion coefficient. To conclude that, these PP/modified PCHs can perform as 

a new selective material for using as multilayer film capacitor. 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

 

8.1  Conclusions 

 

The modified mesoporous clay heterostructure was successfully synthesized 

through the surfactant-directed assembly of the mesostructured silica of clay. After 

treatment with TEOS/MTS and TEOS/MPTMS via the co-condensation reaction, the 

intercalated TEOS/MTS and TEOS/MPTMS were hydrolysed and condensed, 

leading to the formation of micelles in the interlayer of the clay. The surfactants were 

removed by solvent extraction and then porous materials were obtained. From the 

XRD results, after treatment with CTAB, the d-spacing of organoclay increases, 

indicating the successful insertion of the surfactant between the clay layers. 

According to the N2 adsorption–desorption, the specific surface areas of the PCHs, 

HPCHs, and MPPCHs are much higher than those of pure bentonite as the plate–like 

structure was transformed to a pore structure.  From the ethylene adsorption results, 

the HPCHs have a higher efficiency in adsorbing ethylene gas than the others 

because the methyl groups that incorporate in the PCH lead to a non polar surface, 

which causes the best ethylene adsorption. Otherwise, the thiol groups that 

incorporate in the PCH exhibits the best ethylene sensing by their high sensitivity 

due to the largest drop of the electrical conductivity when they bind to the ethylene 

gas by the dipole-dipole interaction. Next, the modified mesoporous clay 

heterostructure was successfully synthesized through the surfactant-directed 

assembly of the mesostructured silica of clay and then functionalized with 

MPTMS/TEOS in ratios of 1:1, 2:1 and 4:1 via the co-condensation reaction. 

According to the N2 adsorption–desorption, the specific surface areas of all modified 

MPPCHs are greater than those of pure bentonite. However, the specific surface 

areas of all modified MPPCHs decrease with increasing amount of thiol group in the 

modified MPPCHs. From the ethylene adsorption results, the modified MPPCHs 

have higher efficiency in adsorbing ethylene gas than that of BTN because the 

organic group (thiol) that incorporate in the PCH leads to a non-polar surface, 

comparing to the hydroxyl group of bentonite, which causes the best ethylene 



130 

 

adsorption. And MPPCH (2:1) shows the best result in ethylene adsorbing among the 

others. For conductivity results, BTN shows high conductivity value due to its 

inorganic material property. Moreover, all modified MPPCHs containing the organic 

group (thiol) present higher conductivity than BTN and the conductivity values 

decrease with the increasing of amount ratio of thiol group in modified MPPCHs. 

However, MPPPCH (2:1) exhibits a great ethylene adsorption and also represents a 

good conductivity value. Consequently, further experiment is blending the MPPCH 

(2:1) with polymers (PP) and evaluate these nanocomposite films as ethylene 

scavenging sensor for tropical fruits in smart packaging applications.  

According to the results of chapter VI, it concluded that Ag-PCH revealed 

porous structure due to scattering spectra, and also exhibited the rough surface and 

small grains with increasing the contents of silver. Furthermore, the Ag-PCH 

performed the higher efficiency in adsorbing ethylene gas than BTN and PCH. The 

10 wt% Ag-PCH was chosen to blend with PP due to its great ethylene adsorption 

value and great conductivity result and then PP/clay nanocomposite films with 

various 1wt%, 3wt%, 5wt% Ag-PCH loading were fabricated. Referred to thermal 

and mechanical results, all PP/Ag-PCHs nanocomposite films presented improving 

in thermal and mechanical properties due to higher Td, higher modulus and tensile 

strength and also higher elongation at break than those of neat PP. Moreover, all 

PP/Ag-PCHs nanocomposite films showed the greater value in ethylene adsorption 

and conductivity result than PP. In addition, PP/Ag-PCHs nanocomposite films also 

displayed the sensing to the ethylene gas by conductivity dropping.   

Furthermore, PP and PP/ modified PCHs nanocomposite films were 

evaluated and investigated the dielectric constant and thermal expansion. From the 

result, PP/modified PCHs showed the decreasing of dielectric constant versus 

increasing frequency. The dielectric constant decreased because of the transition 

from interfacial polarization to dipolar polarization. In addition, PP and PP/modified 

PCHs had only one relaxation which is molecular relaxation. Furthermore, adding 

clay caused Tg of the nanocomposite films higher than the neat PP and also 

performed low thermal expansion.  
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In conclusion, these PP/modified PCHs can perform as new selective 

materials for using as ethylene scavenger, ethylene gas sensing films, and multilayer 

film capacitor. Thus they conduct as multifunctional nanocomposite films. 

 

8.2  Recommendations 

  

With clay contents over 3 wt%, it’s difficult to fabricate into blown films. 

To solve this problem, the compatibilizer, e.g. PP-g-MA and Surlyn, should be 

added into the system, and the amount of compatibilizer should be added around 5 

wt% - 10 wt%. 
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APPENDICES 

 

Appendix A  Prolonging Shelf-life of Fresh Fruits 

  

 After modification, all of modified PCHs were blended with polypropylene 

(PP) and then fabricated into polypropylene/clay nanocomposite films, called as 

PCH/PP, HPCH/PP, MPPCH/PP, and Ag−PCH/PP nanocomposite films, respectively. 

All polypropylene/clay nanocomposite films were evaluated the ability in preserving 

the freshness of the produce.  
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Table A1  Ethylene scavenger test for banana shelf-life  

 

Sample Day 1 Day 3 Day 10 

Control 

   
PP 

   
PCH/PP 

   
HPCH/PP 

   
MPPCH/PP 
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Table A2  Mango prolonging shelf-life test 

 

Sample Day 1 Day 4 Day 20 Day 27 

Control 

    
PP 

    
1 wt% 

MPPCH/PP 

    
3 wt% 

MPPCH/PP 

    
5 wt% 

MPPCH/PP 
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Table A3  Prolonging shelf−life test of Ag-PCH/PP nanocomposite films 

 

Sample Day 1 Day 14 Day 25 

Control 

   
PP 

   
1 wt% 

(10 wt%Ag−PCH)/PP 

   
3 wt%  

(10 wt%Ag−PCH)/PP 

   
5 wt% 

(10 wt%Ag−PCH)/PP 
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Appendix B  Percentages of Weight Loss  

 

 Furthermore, the nanocomposite films were investigated about an effect on 

the physiological changes of limes during storage at 25°C. The limes were dipped in 

distilled water and then packed into the polypropylene/clay nanocomposite films such 

as Org/PP, PCH/PP, HPCH/PP, MPPCH/PP, and PP as control.  

 Fruit were weighed on the 1st day after treatment and then measurements were 

done every 7 days after treatment. Weight loss was calculated as follows: 

 

Weight loss (%) = Initial weight (g) – Final weight (g) *100 

Initial weight (g) 

 

 Percentages of weight loss of limes stored at 25 ºC for 4 weeks increased 

during the storage time. The limes dipped in distilled water and packed in HPCH/PP 

and MPPCH/PP significantly had lower percentages of weight loss than PP since the 

first week of storage (Figure B1). 

 

 
 

 

Figure B1  Percentage of weight loss of limes which were packed in 

polypropylene/clay nanocomposite films and stored at 25 ºC for 4 weeks. 

 

Time (weeks) 
2 3 4 1 
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Appendix C  Disease Incidence 

  

 The disease incidence was measured by counting diseased limes in each week 

and calculated to percentage as follows: 

 

Percentage of disease incidence = Number of disease fruits     *100 

                                         Number of total fruits 

  

 The disease incidence of limes was found since the first week and increased 

throughout the storage times. Limes packed in PP had the highest percentage of the 

disease incidence while the limes packed in PCH/PP and HPCH/PP did not showed 

the disease incidence at the last week of storage (Figure C1). 

 

 
 

 

Figure C1  Percentage of lime disease of limes which were packed in 

polypropylene/clay nanocomposite films during storage at 25ºC for 4 weeks. 
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Appendix D  Measurement of Respiration Rate 

 

 The respiration rate of lime fruit steadily increased during storage. Limes 

packed in Org/PP showed the lowest respiration rate in the first and second week 

(Figure D1). Slightly changes in respiration rate were observed in all treatments of the 

packages during storage (Figure D2). Limes packed in MPPCH/PP resulted in the 

lowest respiration rate. 

 

 
 

 

 

Figure D1  Respiration rate of limes which were packed in polypropylene/clay 

nanocomposite films during storage at 25ºC for 4 weeks. 

Time (weeks) 
4 3 2 1 0 
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Figure D2  Respiration rate (mgCO2/kg/h) of limes which were packed in 

polypropylene/clay nanocomposite films during storage at 25ºC for 4 weeks. 
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Appendix E  Antibacterial Test 

 

 The antibacterial activity of bentonite, PCH, and all Ag−PCHs was evaluated 

against bacteria cells by minimum inhibition concentration (MIC) method, based on 

the National Committee for Clinical Laboratory Standard (Standards, 2006). 

 For MIC analysis, 100 mL of bacteria in log phase were centrifuged at 400 

rpm for 15 min, and the cells were washed twice and suspended in 500 mL of a saline 

solution or distilled water. Then 10 mL of this prepared bacterial suspension in saline 

solution or distilled water was added to 9 different concentrations of the samples: 0.1, 

0.5, 1.0, 2.0, 5.0, 8.0, 10.0, 12.0, and 14.0 g/L. The antibiotics streptomycin and 

penicillin were used as positive controls for Gram-negative and Gram-positive 

bacteria, respectively. Approximately, 100 μL of the antibiotic solution was added to 

10 mL of the bacteria solution as a positive control; for a negative control, 10 mL of 

the bacteria solution was left without adding anything. By using an incubator shaker, 

the suspension was shaken for 30 min with an agitation rate of 100 rpm at 37 °C. After 

haft an hour, 10 μL of the sample solution was dropped on a Muller Hinton Agar 

(MHA) plate, and the plate was incubated overnight. The MIC value of the samples 

was recorded as the lowest concentration that killed all bacteria (S.K. jou and 

N.A.N.N. Malek, 2016). 
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Table E1  Minimum Inhibition Concentration (MIC) Result 

 

Bacterial 

MIC (mg/ml) 

% Silver (Ag) and clay 

1 wt% 5 wt% 10 wt% 20 wt% 30 wt% PCH BTN 

E.coli 10 2.5 0.156 0.156 0.3125 - - 

E.faecalis 10 0.3125 0.3125 0.3125 0.3125 - - 

S.epidermidis 0.625 0.156 0.156 0.078 0.625 - - 

S.aureus 2.5 0.3125 0.156 0.156 0.625 - - 

S.typhimunium - 0.625 0.156 0.625 0.3125 - - 

P.aeruginosa 5 0.156 0.078 0.156 0.625 - - 

S.flexneri - 0.625 0.156 0.625 0.3125 - - 

Note: Accepted value 0.5 mg/l  
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Appendix F   Food Safety Test  

 

 All nanocomposite films were submitted to evaluate the quality for using as 

food packaging. The test was done under the notification of Ministry of Public Health 

(No. 295) B.E. 2548 (2005): Qualities or standard for container made from plastic. The 

conditions of testing were followed: 

• In-house method LBTY 06370/7 by using ICP-/MS based on  

    TIS- 656-2529 (1986) 

• Qualities and standard of dissemination with reference to TIS 656-

2529 

 

Table F1  Food Contact results 

 

Sample PP PCH/PP HPCH/PP MPPCH/PP Ag−PCH/PP 

Lead content PASS PASS PASS PASS PASS 

Cadmium 

content PASS PASS PASS PASS PASS 

Heavy metal 

(as lead) in 4% 

concentrated 

acetic acid 

extraction 

PASS PASS PASS PASS PASS 

Potassium 

permanganate 

consumed 
PASS PASS PASS PASS PASS 

Residue after 

evaporation 

test 
PASS PASS PASS PASS PASS 

Migration of 

color extracted PASS PASS PASS PASS PASS 
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Appendix G  Breakdown Strength Measurement 

 

 The breakdown strength of the nanocomposite films was observed by using 

175Y8S electric puncture tester. The nanocomposite films were placed between the 

metal plates (sphere shape). All measurements were performed under the air 

atmosphere. The high value means an insulator material. The less breakdown strength 

value provides the more conductivity value. 

 

Table G1  Breakdown Strength results 

 

Sample Breakdown Strength (KV/cm) 

PP 281.00 ± 24.69 

PCH/PP 83.00 ± 8.93 

HPCH/PP 93.48 ± 12.92 

1 wt% (MPPCH 2:1)/PP 103.34 ± 4.52 

3 wt% (MPPCH 2:1)/PP 97.54 ± 13.13 

5 wt% (MPPCH 2:1)/PP 97.28 ± 10.04 

1 wt% (10 wt% Ag−PCH)/PP 99.94 ± 9.35 

3 wt% (10 wt% Ag−PCH)/PP 96.94 ± 14.77 

5 wt% (10 wt% Ag−PCH)/PP 88.38 ± 22.54 
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